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VOORWOORD 
Reeds m een vroeg stadium van de onderkenning van de "zure regen" 
problematiek in Nederland financierde het Ministerie van Volkshuisvesting, 
Ruimtelijke Ordening en Milieubeheer (directie Lucht) een onderzoeksproject 
naar de oorzaken, omvang en effecten van waterverzuring m Nederland. Dit 
onderzoek, geïnitieerd door J G.M. Roelofs en Prof. Dr С den Hartog, 
vond plaats op het Laboratorium voor Aquatische Oecologie gedurende de 
periode 1 januari 1983 - 1 januari 1986. De auteur van dit proefschrift en 
Drs. R.S E W. Leuven voerden het onderzoek uit. Beide onderzoekers 
hadden een verschillende opdracht binnen het gehele project. De 
belangrijkste onderzoeksresultaten met een actueel en beleidsonderbouwend 
karakter verschenen in twee rapporten uit de publikatiereeks "Lucht" (nr 
47, 1985; nr 53, 1986) van het Ministerie van V R O M. Een verdere 
wetenschappelijke onderbouwing van de nog resterende gegevens werd 
mogelijk gemaakt door een subsidie van de directie Water van hetzelfde 
Ministerie. In de periode van 16 april 1986 tot 1 juli 1987 vond deze 
uitwerking plaats. Een gedeelte van de hiermede verkregen nieuwe 
informatie is verwerkt en gebundeld m het voor U liggende proefschrift. 
Een deel van de gegevens betreffende effecten zal worden verwerkt in een 
volgend jaar te verschijnen proefschrift van Drs R S E.W Leuven, 
getiteld "Acidification of aquatic ecosystems in The Netherlands". 
Actuele milieuproblemen kunnen zich altijd verheugen op een grote stroom 
van belangstellenden op het gebied van biologisch onderzoek. Mede dankzij 
deze populariteit hebben vele doctoraal studenten de stap genomen om via 
een hoofd- of bijvakstage deel te nemen aan het onderzoek naar de 
problemen rond waterverzuring als gevolg van zure regen De inzet van 
Hay Arts, Rene van Cleef, Mark Eibers, Mieke Garnaat, Roger van Gemert, 
Johan Gudden, Ingrid Heck, Peter Hesen, Anneke Houdijk, Jan Jansen, 
Hans Kok, Hedwig van Loon, Michel Maenen, Hetty Meertens, Paul 
Starmans, Wilma Timmers en Frans Vek heeft geresulteerd m vele duizenden 
gegevens die de basis vormden voor het gehele onderzoek, hetgeen 
uiteindelijk geleid heeft tot het onderhavige proefschrift Een aanzienlijk 
deel van het praktische en analysewerk kwam tot stand dankzij de 
assistentie van Manska Brouwers en Mark Geurts. De collegialiteit van de 
medewerkers van het Laboratorium voor Aquatische Oecologie heeft een 
positieve bijdrage geleverd aan de goede werksfeer die onontbeerlijk is voor 
het functioneren als onderzoeker. Met name de discussies met Jan Roelofs 
en Rob Leuven hebben het wetenschappelijke denken mijnerzijds 
gestimuleerd Gerard van der Velde en Hanme Geelen gaven kritisch 
commentaar op eerdere versies van delen uit dit proefschrift. Veel 
medewerking heb ik eveneens gekregen van verschillende personen die 
"achter de schermen" werkten via de diverse afdelingen verbonden aan de 
Faculteit der Wiskunde en Natuurwetenschappen 
Naast deze stimulerende invloeden op het werk is de, dikwijls, positief 
remmende invloed op mijn arbeidsgeestdrift buiten werkti jd van essentieel 
belang geweest voor een blijvend gezond geestelijk evenwicht Met name 
mijn levensgezellin Leidy Schrage, vrienden en familieleden hebben zich 
hiervoor ingezet 
Alle in dit voorwoord genoemde personen hebben op verschillende wijze en 
in verschillende mate bijgedragen aan de totstandkoming van dit 
proefschrift Ik ben hen hiervoor zeer erkenteli jk. 
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1 
GENERAL INTRODUCTION 
- 7 -
Acidification of surface waters in The Netherlands 
One became aware of the problems of water acidification in The 
Netherlands only in the late seventies. The deleterious effects on aquatic 
life were f i rs t recorded and described regarding diatoms and macrophytes 
by van Dam et al. (1980) and Roelofs (1983), respectively. Other studies 
made clear that the increased atmospheric deposition of acidifying pollutants 
was involved in the chemical and biological changes of sensitive waters 
during recent times (van Dam et a l . , 1981; Roelofs and Schuurkes, 1983). 
Particularly small and shallow lakes, ponds and moorland pools situated in 
the southern and eastern parts of the country, as well as some pools in the 
northern dune areas, appeared to be affected by acidification. These waters 
naturally exhibit a very low alkalinity, are slightly acid and poor in ions. 
These characteristics make them to the most sensitive and seriously 
threatened bodies of water in view of changes in water quality. Most of 
these systems are inhabited by a community containing many rare and 
typical plant and animal species which makes them to one of the most 
valuable types of aquatic ecosystems in Western Europe. Therefore, many 
of them are nowadays situated in nature reserves. 
A recent survey of chemical properties of 277 shallow surface waters with 
a precipitation-dominated hydrology revealed that 68% of the sensitive 
waters is now strongly acid having pH values below 5 (Table I ) . The 
information recorded in Table I can be used as general background 
information of this thesis. The major part of the nowadays strongly acid 
waters acidified during the last decades (Leuven et a l . , 1986b; Schuurkes 
and Leuven, 1986). This acidification process is accompanied by remarkable 
changes in concentrations of carbon, nitrogen and sulphate, whereas the 
originally bare sandy sediments become enriched with organic material. 
Meanwhile, the effects of acidification of shallow, lentie soft waters on water 
quality and aquatic life have been intensively studied and are described by 
Leuven and Schuurkes (1985), Geelen and Leuven (1986), Leuven et al. 
(1986a), Leuven et al. (1986c), Schuurkes and Leuven (1986), van Dam 
(1987), Leuven and Oyen (1987), and Schuurkes and Starmans (1987). 
Research on aquatic macrophytes has been one of the major points of 
interest. In most of the acidified waters, the original submerged vegetation 
(dominated by species belonging to the Littorellion-alliance), has been 
replaced by a vegetation of Juncus bulbosus and/or the aquatic mosses 
Sphagnum and Drepanocladus (Roelofs et a l . , 1984; Ar ts , 1986). 
An important aspect of the Dutch problems on acid rain is the composition 
of precipitation. In The Netherlands atmospheric deposition of acid is 
relatively low, while that of ammonium and sulphate is rather high, if 
compared to other northern and western European countries (Leuven and 
Schuurkes, 1985; Schuurkes, 1986). 
-8 -
TABLE I. Some chemical and physical properties of water and sediment in 
three pH classes of acid waters during 1983-1986. 
pH<4 (n=89) 4<pH<5 (n=99) 5<pH<7 (n=89) 
water: 
pH 3.8-3.9 4.2-4.5 6.2-6.6 
alkalinity 0 20-40 210-430 
acidity 230-340 210-280 135-200 
sulphate 200-275 175-260 230-422 
ammoniim 34-86 52-104 16-63 
nitrate 7-12 6-11 5-13 
phosphate 0.3-0.6 0.6-0.9 0.8-1.2 
calcium 62-95 61-114 245-392 
chloride 220-316 288-376 533-892 
aluminium 13-20 7-14 3-7 
turbidity(ppm) 4-6 6-10 9-14 
sediment: 
pH 5 . 3 - 5 . 6 6 . 0 - 6 . 7 6 . 1 - 6 . 5 
redox potent ia l (+mV) 8-60 49-150 8-106 
l o s s on ign i t ion(%) 7-19 5-13 3-16 
Data derived from Maenen (1987); concentration values are expressed as 
ymol/l. Given are the 50% (median) and 75% percentile values. 
A similar situation is observed within The Netherlands, with differences 
between the southern and eastern parts on the one hand, and the northern 
and western areas on the other hand (KNMI/RIV, 1981-1983). These 
geographical aspects of atmospheric deposition chemistry indicated that 
possibly the ammonium sulphate component of precipitation may play a role 
in the acidification of sensitive waters. Further, the hydrological conditions 
of the susceptible waters in The Netherlands are rather distinct from those 
of the acidified lakes m the Scandinavian countries. Northern U S A . and 
Canada (see next paragraph). This indicates the existence of a rather 
unique and specific situation in The Netherlands and emphasizes the need of 
investigations applicable to the Dutch situation. Until the start of the 
research of which the results are presented in this thesis no such 
information was available. In the meantime a thesis on the temporal aspects 
of acidification of moorland pools has been published (van Dam, 1987), 
based on descriptive field investigations on time patterns of diatom 
assemblages, pH, and other water quality parameters. Despite the assumed 
importance of these results for Dutch government policy with respect to 
abatement of acidification, no causal evidence was given on the active role 
of acid ram m the recent problems of water acidification. The present 
thesis, however, particularly aims at the latter phenomenon. 
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Typology and acid-base chemistry of susceptible waters 
In The Netherlands the surface waters which are sensitive to external 
pertubations, such as acid precipitation, are mainly situated on the sandy 
soils of pleistocene origin which are poor in carbonate and nutrients. It 
concerns lentie, shallow small bodies of water which are fully mixed and 
have periodically fluctuating water levels. During warm summers they may 
partially dry up. They have a precipitation-dominated hydrology and 
receive water directly from precipitation falling on the water surface and 
surrounding terrestrial catchment area. The discharge of water is 
predominantly as evaporation and, to a lesser extent, seepage into the 
groundwater. The shallowness of this type of water and the large ratio of 
sediment surface to water volume makes the sediment to an important source 
of physical and chemical processes which affect water quality. Moreover, 
the hydrology and geology of the drainage basins creates an extreme 
vulnerability to external disturbances. Under natural conditions such 
waters are characterized by a very low alkalinity and a poorness in 
dissolved ions and nutrients. This is particularly the case for the isolated 
systems which lack permanent in- or outlets (see also Eilers et a l . , 1983; 
Driscoll and Newton, 1985; Schnoor and Stumm, 1986). Despite the rather 
uniform water quality characteristics of the described aquatic ecosystems, 
the geographical distribution of pH, buffering capacity and nutrient status 
of the water may vary remarkably as a result of variations in hydrology, 
mineralogy, chemical weathering, geomorphology, acidifying impact of 
precipitation, land-use, surrounding landscape, and direct human activities 
such as swimming, fishing and other recreational uses. Remote, isolated 
waters situated in heathland areas are more acid than waters which are 
surrounded by forests and/or arable land (Starmans, 1986). Under 
conditions with no direct human influence, chemical weathering of silicates 
and carbonates present in the soil is the most important process by which 
alkalinity and cations are supplied to the water. This mineral weathering 
process neutralizes acid ions which enter into or are formed within the 
aquatic system. According to Schnoor and Stumm (1986) weathering within a 
small highly sensitive drainage basin can produce only 200-500 eq.ha' . y r ' 
of alkalinity. Besides this physical acid-base reactions, biochemical 
processes are also involved in the neutralization of acidity. It mainly 
concerns assimilation of nitrate and phosphate by algae and macrophytes, 
and reduction processes of sulphate, nitrate and metal ions by bacteria. 
Apart from these alkalinizing processes, the internal acid-base balance of 
the described type of waters, may be affected by processes which produce 
acidity. Uptake of cations such as potassium, calcium, magnesium and 
ammonium by assimilating organisms may cause a decrease in alkalinity, 
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whereas decaying organic matter is known to produce organic acids and 
carbonic acid (CO2 + HUO). Oxidation of ammonium by bacteria is another 
acidifying process which takes place. If there is no or only little pollution 
of atmospheric precipitation the internal base production will be sufficient to 
balance the acid produced from other processes (Schnoor and Stumm, 1986) 
With respect to the increasing acidity and pollution m precipitation the most 
important components are acid(hydrogen) ions, sulphate, ammonium and 
nitrate. These components affect the internal acid-base balance of 
hydrologically isolated waters by various processes as recorded below. 
sulphate reduction : Sof' + 2 CH20 + 2 H+ --> H2S + 2 H20 + 2 C02 
n i t r i f i c a t i o n : NH4+ + 2 0 2 --> N03' + 2 H+ + H20 
ammonium uptake : NH4+ + R.OH --> R.M2 + H+ + H20 
deni tr i f i cat ion : 4 N03" + S CU20 + 4 H+ --> 2 N2 + 7 H20 + 5 C02 
nitrate uptake : N03" + R.OH + H+ --> R.NH2 + 2 0 2 
The enhanced external supply of these components by atmospheric 
deposition has a considerable influence on the chemical composition of the 
water. The ultimate effect of this reactive mixture of ions on the acid-base 
balance is determined by the extent to which the various processes occur m 
the aquatic ecosystem. 
Scope and framework of the research 
In the present thesis, chemical and vegetational aspects of the relation 
between atmospheric deposition of acid, nitrogen and sulphur on the one 
hand, and acidification of surface waters with a precipitation-dominated 
hydrology on the other hand, were studied by means of various types of 
experiments. Before the start of the research in 1983 descriptive research 
on chemistry and aquatic life m waters, susceptible to acidification, had 
lead to several hypotheses on causes and effects. Despite the assumed 
involvement of acid precipitation m the acidification of surface waters, there 
was no experimental support for these hypotheses At that time there was a 
need for research adding experimental proof to the correlations which were 
based on field studies. Moreover, causal relations between acid rain and 
water acidification, but also dose-effect relations, were necessary to 
support the governmental policy to take measures against the progressive 
environmental acidification. 
The present thesis deals with the following subjects: 
- qualitative and quantitative aspects of precipitation in some areas m The 
Netherlands where environmental effects were assumed to result from 
atmospheric NHo pollution 
0
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- effects of experimental acidification by solutions containing sulphuric acid 
and ammonium sulphate on water quality and vegetation of oligotrophic soft 
waters 
- dose-effect relations between acid and nitrogen supply on the one hand, 
and chemical and vegetational changes on the other hand 
- assessment of limit values for the external load of acid and nitrogen 
- chemical processes which underly the acidifying and alkalmizing influence 
of nitrogen and sulphur compounds from atmospheric deposition 
the importance of sedimentary conditions for the effectiveness of 
acidifying and alkalmizing processes 
- nitrogen uptake ability of aquatic plants as a factor affecting changes in 
vegetation of acidifying waters 
Atmospheric precipitation was monitored in the field The experimental 
part of the ecological research aimed at both chemical and vegetational 
aspects of water acidification. The results were obtained from research at 
the Laboratory of Aquatic Ecology and from research in the field Two 
major directions were applied one directed to processes, the other 
directed to effects Various types of experiments were used in order to 
answer the major questions. Processes related to ammonium sulphate and 
its consequences for acidification were investigated m sediment-water 
columns at the laboratory and m enclosures in the field Chemical sulphur 
conversions m aquatic sediments were studied m serum bottles Dose-effect 
relations were established by means of artificial ponds under controlled 
conditions m a greenhouse Nitrogen uptake of macrophytes was determined 
m incubation chambers 
Chapter 2 deals with a detailed study on deposition of atmospheric 
pollutants m NHo affected areas in The Netherlands. The information 
obtained has been used as a base for further experimental research, which 
focused on the precipitation constituents ammonium and sulphate In chapter 
3 various aspects of the qualitative and quantitative role of ammonium 
sulphate as a source of water acidification are presented Chapters 4 and 5 
focus on interrelations between chemical sulphur conversions and 
acidification m the upper sediment layer of aquatic sandy sediments 
Special attention goes to the environmental conditions of sulphate reduction. 
In chapter 6 dose-effect relations are established between experimental 
acidification of small-scale soft water ponds by acid rain containing 
ammonium and sulphate, and changes m water quality and vegetation. 
Chapter 7 describes the importance of changes m the nitrogen household of 
acidifying soft waters for shifts in the presence of various macrophyte 
species. Finally, chapter 8 summarizes, discusses and evaluates the most 
important results of the chapters 2 to 7 
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The present thesis does not aim to be complete w i t h respect to the 
evaluation of the water acidi f icat ion problems m The N e t h e r l a n d s . The 
presented informat ion should be connected to p r e v i o u s l y p u b l i s h e d papers of 
t h e Laboratory of Aquat ic Ecology on water ac id i f icat ion and a c i d i f y i n g 
atmospheric d e p o s i t i o n , to which is r e f e r r e d m the var ious c h a p t e r s . 
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CHEMICAL CHARACTERISTICS OF PRECIPITATION IN NH3 AFFECTED 
AREAS IN THE NETHERLANDS 
J . A . A . R . Schuurkes, M .M.J . Maenen and J . G . M . Roelofs 
INTRODUCTION 
During the 20th century the chemical composition of precipitation has 
been adversely affected by emission of atmospheric pollutants. The 
meanwhile well-known problem of acid rain over Europe, North America and 
Canada has fur ther increased the knowledge on atmospheric processes and 
precipitation chemistry on a global scale. With respect to the problems of 
acidification of the environment most attention has generally been given to 
sulphur- and nitrogen oxides (Drablos and Tollan, 1980 Overrein et a l . , 
1981; Anonymous, 1984; Vanderborght, 1984). Indeed, on a global scale 
both SO and NO are the most important precursors of precipitation 
acidity by forming sulphuric and nitric acids. The long range atmospheric 
transport of these sulphur and nitrogen emissions by non-point and point 
sources results in acidification of precipitation on a broad scale. Apart 
from chloride, sulphate and nitrate are nowadays the most important anions 
in precipitation. In many parts of the world other substances also disturb 
the natural composition of precipitation. One of them is gaseous ammonia, 
which is released into the atmosphere from agricultural and industrial 
sources in rural as well as in urban areas. Particularly in agricultural 
areas with intensive animal husbandry, the amount of ammonia volatilization 
can be considerable. Both in the U .S .A. and in Europe, the production 
and use of animal manure contributes for at least 70% to the total 
anthropogenic emission of Nl-U ( W . H . O . , 1986; Buijsman et a l . , 1987). 
During the last decades atmospheric ammonia has become increasingly 
important with respect to the problems of environmental pollution as both 
industrial and agricultural activities have grown manifold with time. 
Nowadays the emission density is very high in several regions in Europe 
(Buijsman, 1986). Once released into the atmosphere NHo reacts with acid 
substances and forms ammonium salts. On a global scale ammonium sulphate 
is the most important sulphate compound in the atmosphere. Recent studies 
have lent fur ther support to the importance of ammonium sulphate in 
precipitation chemistry (Fowler et a l . , 1982; Anonymous, 1983 and 1984; 
Hicks, 1984; Husar and Holloway, 1984; Fuhrer, 1985). Together with 
hydrogen, calcium and sodium, ammonium appears to be the most important 
cation in precipitation. Atmospheric deposition of airborne ammonium 
-16-
Compounds has recently been recognized to be important in the problems of 
acidification of the environment (van Breemen et a l . , 1982; Galloway and 
Dillon, 1984; Nihlgárd, 1985 Schindler et a l . , 1985; Mosello et a l . , 1986: 
Roelofs, 1986; Schuurkes, 1986). 
Particularly in The Netherlands ecological effects of atmospheric ammonia 
compounds were already observed in 1983. In The Netherlands the 
emission density of ammonia is highest for Europe (Buijsman et a l . , 1987). 
The major part of the anthropogenic ammonia emission results from 
livestock wastes (81%) and the production and use of fertil izers (17%). 
The presence of intensive animal husbandry appears to be a threat for the 
biocoenoses which occur in areas with sandy soils poor in lime and 
nutrients. In the southern and eastern parts of The Netherlands the 
emission of gaseous ammonia (NHo) resulting from intensive stockbreeding 
of pigs, chickens and cattle is extremely high. Both livestock farms and 
liquid-manured arable land are important sources of volatilization. As the 
extent and density of livestock and accompanying agricultural activities are 
variable in space, the load of the environment with ammonia differs from 
location to location. As a result, the chemical composition of precipitation 
may show remarkable local and/or regional differences. Despite the 
consistent collection and determination of precipitation over The 
Netherlands, the National Network Rainwater Composition does not provide 
such specific and detailed information. Nevertheless, this network gives 
good information on the distribution and variation of the chemical 
composition of precipitation. Moreover, measurements over the period 
1978-1984 give indications that in some parts of the country the chemistry 
of precipitation is affected by gaseous ammonia (KNMI /R IVM, 1985 and 
1986). 
The present paper describes the chemical composition of precipitation in 
f ive areas in the southern and northern part of The Netherlands. This 
study was conducted to obtain more detailed information on the effects of 
gaseous ammonia on precipitation chemistry. In addition, data could be 
obtained on the load of natural areas by atmospheric pollutants in relation 
to NHn in a region with a high emission density. The total deposition of 
nitrogen and sulphur on a water surface was additionally determined. The 
obtained information may provide a base for a better understanding of 
atmospheric processes and can be useful with respect to budget- and 
effect studies of chemical components (acid, nitrogen and sulphur) in 
surface waters. 
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MATERIALS AND METHODS 
Areas and locations of precipitation sampling 
Precipitation was collected in five areas in The Netherlands during the 
period March 1983 - Apri l 1985. Fig. 1 shows the distribution of the 
sampling areas and locations. 
Fig. 1. Geographical position of the precipitation sampling areas. Between 
brackets: the annual amount of Nl-Ц emitted from animal manure in kg per 
municipality (according to Buijsman, 1984). 
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Four of the studied areas ( I , I I , I I I and IV) were situated in protected 
nature reserves in a rural region in the southern part of the country. 
The other area ( V ) is the island of Terschelling situated along the 
northern coast. Selection of these areas was based on three criteria: 
- differences in direct surroundings by NHo releasing sources as livestock 
farms and liquid manured arable land 
- the visual condition of pine forests, heathland and surface waters 
- variation in ammonia emission from animal manure production according to 
Buijsman ( 1 9 8 4 ) . 
Particularly in areas I to IV the condition of forests was moderate or bad, 
while most soft waters were acidified recently and heathland was generally 
overgrown by grasses. According to Buijsman (1984) the average emission 
of gaseous ammonia per surface area is highest in the study areas I, II 
and I I I . More to the west (area I V ) the emission is substantially lower. 
Fig. 1 gives some information on the extent of ammonia emission in the 
southern region of The Netherlands. The Rouwkuilen area ( I ) is directly 
surrounded (within a radius of 500m) by a high density of intensive 
agricultural activities releasing ammonia into the air. Around Vredepeel 
( I I ) the presence of such sources is less dense, whereas they are 
generally more remote (1 km) in the case of Mariapeel ( I I I ) . The area of 
Strabrechtse Heide ( I V ) is relatively more sparsely surrounded by point 
sources of ammonia release at a distance of more than 1 km. The island of 
Terschelling ( V ) is an area with no direct influence of intensive 
agricultural activities. Here, the density of ammonia emission amounts ca 5% 
of that in areas I, II and I I I (Asman, personal communication). Area V is 
taken as a reference with respect to the effects of N H , . 
In four of the study areas three locations were chosen for the collection 
of precipitation. The maximum distance between the rain sampling locations 
in areas I and II was about 1 km. In the areas IV and V this was 4 and 7 
km, respectively. In order to obtain more representative information the 
rain samplers were placed at open and at more sheltered sites. In the 
Mariapeel ( I I I ) only one sampler was used. Fig. 2 shows the number of 
sampling locations present in each area. 
1983 19№ 1965 
area M A M J J A S O H D I J F H Ì M J J A S O I I D I J F M A 
I Rouwkuilen ι 1 
II Vredepeel ι 1 
III Mariapeel ι ι 
IV Strabrechtse Heide ι ι 
V Terschelling ι 1 
Fig. 2. A survey of the periods in which bulk precipitation was collected 
in five areas in The Netherlands. 
sampling 
locations 
N = 3 
N = 3 
N = 1 
N = 3 
N = 3 
fortnightly 
samples 
η = 122 
n^U 
n = 50 
n = 77 
п = М 
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Collection of precipitation 
Bulk precipitation 
Precipitation was collected in bulk samplers during different periods 
between March 1983 and April 1985. The exact period of sampling m the 
various areas is recorded m Fig. 2. The collector consisted of a 1 I 
polyethylene bottle (black painted) and a polyethylene gauge with an 
aperture of 69 cm2 . On the bottom of this gauge a plastic filter was 
inserted in order to avoid organic matter and/or insects to contaminate the 
ram water in the bottle. The opening of the gauge was 35 cm above 
ground level. The frequency of precipitation sampling was fortnightly. 
Occasionally the sampling period was four weeks. A two-week period is 
preferable as it is important to avoid that precipitation samples remain too 
long in the f ield. The total number of two-week precipitation samples per 
investigated area is shown in Fig 2. After each period precipitation was 
collected, the bottle was renewed and the gauge was cleaned with 
demmeralized water. In each collecting bottle 0.5 ml of a solution 
containing 200 mg I mercury chloride was added in order to inhibit 
microbial activity. pH was determined in the f ield, whereas the volume was 
measured at the laboratory. 
Total deposition 
During 1984 and 1985 measurements of total deposition of nitrogen and 
sulphur on a water surface were carried out in areas I , I I I , IV and V . 
Total deposition was collected near one of the locations of precipitation 
measurements. Black-painted polyethylene containers, with an inner 
surface 11.45 dm 2 , were filled with a known quantity of twice-distilled 
demmeralized water. The water was acidified with I N HCl down to pH 4 in 
order to inhibit biochemical conversion of the substances collected. 
Moreover, this pH value corresponds with that of many acidified soft 
waters m The Netherlands and effects of pH of the catchment surface on 
deposition rates are subsequently taken into account. Thin nylon wires 
were put just above and across the container in order to avoid birds to 
contaminate the collected precipitation. After two weeks the volume of the 
containers was determined, pH was measured, and a sample was taken to 
be analyzed. All equipment was cleaned and used again for the new 
period. The total amount of deposited nitrogen and sulphur was calculated 
from the increase in concentration after 14 days. Containers which were 
contaminated with bird droppings, insects or algae were not taken into 
account for fur ther calculations. In each of the areas about 15 
measurements were carried out. 
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Measurements and analytical procedures 
pH measurements were directly carried out m the field with a type 
EA-152 (Metrohm) combined electrode, connected to a Metrohm Herisau 
E-488 pH/mV meter. Occasionally, alkalinity (acid neutralizing capacity) 
and inorganic carbon content were also determined. Alkalinity of the 
collected precipitation was determined by titration of a fi ltered subsample 
with 0.01 N HCl down to pH 4.2 (modified from Stumm and Morgan, 1981) 
The total inorganic carbon content of the samples was measured with a 
Honba-P. l R.2000 Infrared Carbon Analyzer. Concentrations of C 0 2 , 
2-HCOo en CO., were calculated according to Stumm and Morgan (1981). 
At the day of precipitation collection, samples were passed through a 
Whatman GF/C f i l ter (1 .2 vm) and stored at -270C until analysis. After 
each period of f ive months the samples were unfrozen and analyzed on 
sulphate, ammonium, nitrate, sodium, potassium, chloride, calcium and 
magnesium. 
Sulphate was determined turbidimetrically by means of barium chloride, 
whereas sodium and potassium were estimated flame-photometrically 
(Techmcon Auto-Analyzer Methodology, 1981). Colorimetrie determination 
was used for ammonium, nitrate and chloride; ammonium with salicylate and 
hypochlorite (Kempers and Zweers, 1986); nitrate + nitrite with hydrazine 
sulphate (Kamphake et al , 1967) and chloride with fern-ammonium 
sulphate (O'Br ien, 1962). Calcium and magnesium were measured on a 
Beekman model-14 Atomic Absorption Spectrophotometer, according to 
Ramirez-Munoz (1968). 
Data processing 
The results on precipitation chemistry were screened m order to obtain a 
more consistent set of concentration data The samples with any 
detectable contamination ( e . g . by faeces of birds) were erased from the 
data set. The amount of collected precipitation was converted or 
extrapolated to 14 days, if the sampling period differed from the regular 
14 day period. A similar transformation was applied to the occasional four 
week measurements. Here, the amount collected was divided over two 
periods of two weeks. The original measured pH values and concentrations 
of the various parameters remained in the data set. Fig. 2 shows the 
ultimate number of samples which were used for further calculations. 
The 25%, 50% (median), and 75% percentile values of the various 
components were calculated, based on the measured pH and concentration 
data of all locations per area together. Volume-weighted mean 
concentrations were calculated from the sum of those samples of which the 
volume as well as the concentration were available. Calculations on bulk 
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deposition per location were based on volume-weighted mean concentrations 
and the yearly volume of precipitation If precipitation was collected for a 
period shorter than 52 weeks (one year), the measured amount of 
precipitation was extrapolated to 52 weeks 
The available data on total deposition were added and and compared to 
the sum of bulk deposition during the corresponding period. The ratio of 
total to bulk deposition was determined, based on the sum of these 
calculated deposition data 
RESULTS 
pH and concentration of major ions in bulk precipitation 
The chemical composition of bulk precipitation in the five areas studied 
is presented m Fig 3 and in Table I The data of Table I reflect the 
actual composition of the fortnightly collected precipitation in the f ield. 
The distribution of the data of the four most important components with 
respect to the acidity of precipitation is shown in Fig 3. The variation in 
the measured concentrations is rather high, particularly for ammonium, 
sulphate and nitrate This may be due to differences in the level of 
emission, the amount of collected precipitation, wind-direction and -force, 
and temperature during the two-year sampling period The arithmetic mean 
of the concentration of these parameters is generally higher than the 
median concentration, which is caused by the presence of peaks in 
concentrations. This phenomenon was not observed m the case of pH. In 
order to avoid the impact of such peaks, the use of median values is 
preferable Therefore, in Table 1 the the median concentrations of the 
major ions are recorded The chemistry of precipitation in the areas differs 
mainly in pH and concentrations of hydrogen, ammonium, sulphate, sodium, 
chloride and magnesium The median values of pH, ammonium and sulphate 
m precipitation of the four inland areas (I to IV) , which are exposed to a 
considerable amount of gaseous Nl-L, are higher than those of the rather 
remote coastal area V In the case of hydrogen, magnesium, sodium and 
chloride the median concentrations appeared to be higher in area V. 
However, differences were also observed between the inland areas, mainly 
concerning pH and concentrations of hydrogen, ammonium and sulphate. 
In order to get a more objective comparison of the five areas, the data 
were statistically processed by applying the Wilcoxon sum-of-ranks test. 
For each parameter the total set of measurements in one area was compared 
to each of the other areas. The statistical differences were based on a 1% 
level of significance (p<0 01) Particularly area I, with a high density of 
NHo emitting sources m the neighbourhood, appeared to be very different 
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Fig. 3. Distribution of the measured values of p H , ammonium, nitrate and 
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sulphate (umol.l ) in bulk precipitation in five areas (I to V ) in The 
Netherlands as presented in Figs. 1 and 2. The data are based on the 
total number of fortnightly measurements per area. 
Explanation of the presented boxplots: upper line of box is 75 percentile; 
middle line ( b a r ) is 50 percentile or median; lower line is 25 percentile. 
Asterix (*) represents the arithmetic mean value. The vertical lines 
represent the minimum and maximum values. 
from the other areas. pH of precipitation (median 5.65) was highest in 
this area, whereas the lowest median value was observed in the coastal 
area V . T h e r e were no significant differences between the pH data of the 
areas I I , I I I and IV. Similar results were registered for the 
concentrations of ammonium. The highest median value was 299 ymol.l 
which was observed in area I, while the median ammonium concentration 
was only 78 vmol.l" in N H j reference area V . Area I was also 
characterized by the highest sulphate concentrations (median value 130 
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TABLE I 
Median values of pH and concentrations of major ions (iimol.l ) in bulk 
precipitation in five areas* m The Netherlands as presented in Fig. 1. 
area 
I II III IV V 
pH 
hydrogen 
ammonium 
sulphate 
nitrate 
calcium 
magnesium 
potassium 
sodium 
chloride 
5.65 
2.2 
299 
130 
65 
30 
16 
25 
60 
100 
4.65 
22 
170 
BO 
52 
30 
16 
20 
63 
140 
4.45 
36 
200 
93 
66 
30 
15 
15 
60 
70 
4.40 
40 
145 
80 
60 
30 
15 
12 
50 
60 
4.10 
79 
78 
70 
47 
30 
45 
28 
240 
313 
Mean yearly amount 738 756 765 724 807 
of precipitation (mm) 
*based on the total number of fortnightly measurements 
ymol.l ), which appeared to be significantly different from each of the 
other areas. There were no significant differences m sulphate 
concentrations between areas II to V (median values ranging from 70 to 93 
ymol.l ). It is remarkable that there were no significant differences m the 
concentrations of nitrate. The median values of all areas varied between 
47 and 66 ymol.l (Table I ) . Statistical comparison of the calcium 
concentrations revealed that there were no significant differences between 
the five areas. In the coastal area V the concentrations of sodium, chloride 
and magnesium were significantly higher than observed in each of the 
inland areas. These latter data emphasize the importance of seaspray m 
determining the chemistry of precipitation in area V. If corrections for 
seasalt would be carried out, the sulphate concentration m this area will 
even be lower than m the other areas. Nevertheless, it was decided not to 
do so as a good part of the salt ions in inland precipitation may certainly 
be of land or igin. In the studied areas, this continental salt effect may 
originate from the production and use of animal s lurry manure. Such 
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effects are indicated by the relatively high concentrations of chloride in 
areas I and II (see Tables I and I V ) . 
The ion balance of bulk precipitation as outlined in Table II reveals a 
consistent anion deficit which varies between 26 and 32% for the inland 
stations. The corresponding absolute mean deficit amounts from 83 to 150 
p e q . f . According to Sequeira (1982) this relative deficit is appreciable 
and can be ascribed to missing ions such as HCOo". However, the 
occasionally measured total inorganic carbon in bulk precipitation, revealed 
maximum HCO., concentrations of ca 50 yeq.l when pH values were 
higher than 5. The acid neutralizing capacity reached up to ca 100 
p e q . f . These observations suggest that , apart from (bi)carbonates, the 
anion deficit can partially be ascribed to organic substances. In addition, 
the analytical procedures may partly explain the anion deficit. 
Spectrophotometric determination is based on destruction of the sample. 
This results in an overestimation of cations when compared to the 
colorimetrie determination of anions. 
Table I I I shows the ratios of various pairs of constituents in bulk 
precipitation. 
TABLE II 
Mean ion balance* in bulk precipitation measurements per area. 
area 
I II III IV V 
number of 
samples 85 40 35 68 36 
eation/anion 
ratio ±s.d. 1.36±0.37 1.38±0.49 1.38±0.43 1.46+0.56 1.21±0.14 
anion deficit 150 83 117 96 104 
X anion deficit 26 28 28 32 17 
*based on equivalents of all measured positive and negative ions 
Interpretation of these ratios may provide additional information on 
processes which underly the observed differences in precipitation 
chemistry. In contrast to the absolute concentration data, the variation of 
the ratios between the areas is generally low. Statistical comparison of the 
ratios between one area and each of the other areas was carried out by 
applying the already mentioned Wilcoxon test. Differences were statistically 
supported by the 1% level of significance. 
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TABLE I I I 
Arithmetic mean of the ratios* of various constituents in bulk precipitation. 
area 
I II III IV V 
number of 
samples 
pH/NH4 
pH/S04 
pH/N03 
pH/Ca 
NH4/S04 
NH4/N03 
92-112 
0.02 
0.06 
0.11 
0.20 
2.54 
5.61 
49-62 
0.03 
0.09 
0.12 
0.16 
2.76 
3.75 
38-45 
0.03 
0.06 
0.09 
0.18 
2.17 
3.26 
69 
0.04 
0.07 
0.09 
0.24 
2.02 
2.67 
36-38 
0.06 
0.06 
0.08 
0.14 
1.09 
1.38 
*based on molar concentrations 
The PH/NH4 ratio was lowest (0.02) in the NH 3 affected area I , and 
highest (0 .06) in the coastal area V . There were no significant 
differences between areas I I , I I I and IV; and in the case of area I and 
I I I . Regarding the pH/S04 ratios, it appeared that the only significant 
differences were observed between area I and each of the areas I I , IV and 
V . No significant differences were observed in the case of the pH/N03 and 
pH/Ca ratios, ranging between 0.08-0.12 and 0.14-0.24, respectively. 
The NH4/S04 ratio appeared to be different for most of the areas. The 
ratio in area I I I did not significantly differ from the ratio in areas I , II 
and IV. This was also the case for area I and I I . The molar ratio of 
ammonium to sulphate in a pure ammonium sulphate solution is 2. When 
other chemical compounds are involved in the composition of such a 
solution this ratio will be different from 2. This may also be the case when 
there is a shortage of ammonium or sulphate, resulting in a lower or 
higher ratio, respectively. Table I I I shows that only the ratios observed in 
areas I I I and IV correspond fair ly good with the ratio as in ammonium 
sulphate. The highest ratios (2 .54-2.76) are observed in area I and I I , 
which both are heavily affected by N H , . Apparently, there is an excess of 
ammonium in these areas. The lowest ratio, being only 1.09, was observed 
in the coastal area V . If sulphate is corrected for seaspray the ratio 
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amounts up to 1.5. This indicates a relative shortage of ammonium or a 
relative excess of sulphate along the northern coast. 
Annual mean composition of bulk precipitation and deposition of acidifying 
components 
An important factor in determining the chemistry of precipitation is the 
duration of collecting precipitation, which in its turn results in different 
volumina. Nevertheless, in most precipitation studies, there is generally no 
consistency in the collection period used. This difficulty may be obviated 
to a certain extent if volume-weighted annual mean concentrations are 
calculated. Moreover, the latter way of processing precipitation data is 
more common and therefore it is more easy to compare the obtained data 
with those of other studies. Table IV shows the annual chemical 
composition of bulk precipitation in the studied areas. 
TABLE IV 
Volume-weighted mean concentrations of major ions (ymol.T ) and pH in 
fortnightly samples of bulk precipitation during 1983-85 in five areas* in 
The Netherlands. 
area 
I II III IV V 
hydrogen 
pH 
anmonium 
sulphate 
nitrate 
calciua 
magnesium 
potassium 
•odium 
chloride 
7- 54 
5.2-4.3 
179-369 
90-145 
49- 57 
30- 49 
13- 29 
18- 47 
73-125 
98-170 
32- 62 
4.5-4.2 
116-200 
52- 98 
43- 46 
25- 37 
13- 22 
27- 33 
61- 86 
116-145 
69 
4.2 
145 
77 
51 
34 
15 
19 
76 
78 
50- 58 
4.3-4.2 
112-133 
62- 66 
52- 54 
30- 37 
12- 14 
15- 24 
45- 54 
51- 57 
62- 88 
4.2-4.1 
64- 83 
64- 70 
45- 55 
26- 31 
31- 58 
23- 35 
141-253 
193-311 
*the minimum and maximum values of the locations per area are shown 
The mutual differences of most parameters between the f ive areas 
correspond with the differences based on the comparison of the actually 
measured concentrations (see previous paragraph) . However, the variation 
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in pH is relatively small. Nevertheless, the inland volume-weighted pH 
values are generally higher than those calculated for the coastal area V . 
The highest annual "mean" pH of 5.15 was recorded at a sampling location 
in area I , whereas the lowest value (4.06) was observed in area V . In 
area I , where the atmosphere is most heavily polluted with NhU, the 
highest annual mean concentrations of ammonium and sulphate were 369 and 
. 1 
145 ymol.l , respectively. 
Table V summarizes the annual amount of atmospheric deposition based 
on bulk precipitation measurements. 
TABLE V 
Mean and maximum () yearly bulk deposition of acid, nitrogen and 
sulphate* during 1983-85 in five areas in The Netherlands. 
II III IV 
hydrogen 
ammonium 
sulphate 
nitrate 
ammonium-N 
sulphate-S 
nitrate-N 
213 
1832 
841 
383 
25.6 
26.9 
5.4 
(440) 
(2472) 
(971) 
(399) 
(34.6) 
(31.1) 
(5.6) 
339 
1204 
520 
349 
16.9 
16.6 
4.9 
mo 
(509) 
(1473) 
(722) 
(361) 
kg 
(20.6) 
(23.1) 
(5.1) 
l.ha"1.yr'1 
527 393 
1108 891 
588 464 
390 386 
.ha^.yr-1 
15.5 12.5 
18.8 14.8 
5.5 5.4 
(431) 
(997) 
(495) 
(405) 
(14.0) 
(15.8) 
(5.7) 
632 (699) 
575 (653) 
546 (556) 
400 (432) 
8.1 ( 9.1) 
17.5 (17.8) 
5.6 ( 6.0) 
*based on all sampling locations per area 
The annual wet deposition is determined by the total amount of rainfall. 
The mean amount of collected rain in the inland areas was more or less 
similar, ranging between 724 and 765 mm (Table I ) . In the seaside area V 
the amount of rainfall was remarkably higher (807 mm). This difference is 
a common feature for the Dutch situation (KNMI /R IVM, 1985 and 1986) and 
leads to a relatively stronger increase in deposition of bulk components in 
the northern parts of the country. Nevertheless it appears that the 
generally observed trends in differences between the areas are maintained 
(Tables I , IV and V ) . The bulk deposition of ammonium on the inland 
areas exceeded the deposition along the coast 2 to 4 times. The maximum 
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ammonium deposition observed at a location was 2472 mol.ha . y r in the 
case of area I . This corresponds with 34.6 kg ammonium-N. In the 
northern coastal area V , the mean bulk ammonium deposition was only 8.1 
kg. In the strongly NhU affected area I , the bulk deposition of sulphate 
was almost twice the amount observed in the other areas. Bulk deposition 
of nitrate was similar for all areas, roughly ranging between 5 and 6 kg 
ni t rate-N.ha" . y r . In the southern inland areas bulk deposition of 
ammonium is 2.5 to 5 times as high as nitrate deposition. In the relatively 
unaffected northern area of Terschelling the difference is less than 2. 
Ratio of total to bulk deposition of nitrogen and sulphur 
The obtained data on total deposition should be regarded as preliminary 
information within this deposition study. The presented ratios do not 
allow for a detailed interpretation. Nevertheless, the results were 
interesting. Based on the total and bulk deposition of ammonium, the NH 
ratio was determined. The highest ratio's were 1.8 and 1.6 for the inland 
areas I and I I I , respectively. In areas IV and V , with a relatively low 
ammonia emission density, the calculated ratio was 1.3. In areas which are 
situated close to , or surrounded by a high density of ammonia emitting 
sources, the dry deposition of N H , apparently contributes to a larger 
extent to the total deposition of ammonia-N. 
The deposition data on sulphate were taken to be representative for the 
deposition of SO . In area V , along the northern coast, the ratio of total 
to bulk deposition was highest ( 1 . 6 ) . In the inland areas I , I I I and IV the 
ratios varied from 1.2 to 1.3. These observations emphasize that the 
contribution of dry deposition of SOj to the total deposition of sulphur is 
considerable higher along the northern coast. 
DISCUSSION AND CONCLUSIONS 
Chemistry of bulk precipitation in NH, affected areas 
There are remarkable differences in precipitation chemistry between the 
southern inland area exposed to considerable NhU emission, and the 
relatively unaffected northern area along the coast. Particularly pH and 
concentrations of hydrogen-ions, sulphate and ammonium in bulk 
precipitation vary markedly (Fig. 3; Tables I and I V ) . Particularly in the 
Rouwkuilen area ( I ) , which is closely surrounded by a high density of 
N H Q emitting sources, precipitation chemistry appeared to be very 
different compared to the other areas. The observed composition of acid 
precipitation in the coastal area Terschelling (V ) is comparable with that of 
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many industrialized areas in Europe In the other studied areas 
(Vredepeel, Manapeel and Strabrechtse Heide) precipitation chemistry 
showed litt le mutual differences. Apparently there is no clear direct 
influence of the less dense and more remote presence of NHg sources in 
these areas. Probably the total background emission density in the whole 
southern region primarily determines the precipitation chemistry. Moreover, 
the contribution of other countries cannot be neglected Nevertheless, local 
effects are certainly of considerable importance, regarding the variation in 
concentrations of the major components between the sampling locations (up 
to a factor of 2). This can be ascribed to the small-scale spatial variation 
in structure of the landscape and agricultural activities, as well as to the 
different locations of the ram collectors As a result NHL and mineral dust 
are brought in by different aimasses and/or from different directions. 
Moreover, Table IV shows that the variation in chemical composition of 
precipitation between the locations in the larger areas IV and V 
(Strabrechtse Heide and Terschelling) was only 20%. 
The increased concentrations of ammonium and sulphate, and decreased 
levels of hydrogen in bulk precipitation are particularly correlated to the 
presence of high NH^ concentrations in the air. Study areas I to III are 
situated in the southern and eastern parts of The Netherlands, where the 
.3 
mean annual concentrations of NH, in the atmosphere exceeds 6 pg m 
(Asman and Maas, 1986) Strongly enhanced concentrations are 
particularly observed within a distance of 1 km downwind from 
pomt-sources of ammonia emission (PWS Limburg, 1985). It appears from 
the measured precipitation characteristics that the local emission of ammonia 
affects precipitation chemistry at relatively short distances (within 1 km). 
The formation of ammonium compounds depends on the presence of ammonia 
(NHo) m the atmosphere. In contrast to SOj and NO , which are 
precursors of precipitation acidity-forming sulphuric and nitric acid, 
gaseous NHo acts as a base and forms neutral ammonium salts in 
precipitation. The major part of NHg m the atmosphere reacts with acid 
containing aerosols and droplets, and wet deposition is the mam agent of 
downward transport (van Aalst, 1984, Fuhrer, 1985). Observations by 
Asman et al. (1981) at a seashore sampling station during a continental 
period revealed that NH, neutralized 56% of the total amount of acid 
generated by SOj and NO . The results of the present study show that 
particularly SO« and derived compounds are neutralized. NO seems to be 
of less importance as there were no significant differences m nitrate 
concentrations between the studied areas In the region of the studied 
inland areas the sulphur dioxide concentrations in the air are more or less 
.3 
at a same level, varying between 25 and 30 yg m on an annual base (van 
Aalst, 1984). The measured higher sulphate concentrations therefore do 
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not result from differences in SOj concentrations. The only possible 
mechanism is that the presence of N H , in the atmosphere has stimulated 
the formation of ammonium sulphates. 
According to Fuhrer (1985) both calcium and ammonium may at least 
partially neutralize the precipitation which in its turn may result in higher 
pH and increased concentrations of sulphate and nitrate. Besides gases 
also particulate matter such as arid dust is important in neutralizing and 
removing acid substances in the atmosphere (Sequeira, 1982; Thornton and 
Eisenreich, 1982; Anonymous, 1983; Hicks, 1984). In the studied inland 
areas, particularly that of the Rouwkuilen, calcium was not of any 
significant importance in determining the remarkably high pH values above 
5. The ratio of pH to Ca, as well as the absolute concentrations of 
calcium, were identical for all areas (Tables I and I I I ) . Moreover, the ratio 
of pH to NH4 decreased in the areas with the highest NhU emission (Table 
I I I ) . Occasional inorganic carbon measurements revealed that the presence 
of (bi)carbonates did not account for the decreasing acidity of 
precipitation in areas with increasing N H j emission. This supports the 
observations that ammonia governed the neutralization processes of 
precipitation in the inland areas. 
When equivalent amounts of NH., and SO-, are present in the air , the 
molar ratio of ammonium to sulphate is 2, corresponding with that of the 
chemical compound ammonium sulphate. In areas situated close to NhU 
emitting sources, the molar ratio of ammonium to sulphate often exceeded 
this value (Table I I I ) . According to the results of Adema et a l . (1986) it 
is plausible that the measured pH-range of precipitation (from 4 to 6 ) , has 
not lead to significant differences in the dry deposition of Nl-U and SO2 
between the areas. Therefore, the complete formation of ammonium 
sulphates, based on the available amount of NhU, was apparently limited 
by the relatively low sulphur dioxide concentrations. There are no 
indications that NH., neutralized considerable amounts of other acid 
substances. As a consequence, some of the "excess" of ammonium may 
additionally result from dry adsorption of NHo on wet particles and/or on 
the inner surface of the gauge. In the area of Terschelling along the 
northern coast of The Netherlands the molar ratio of ammonium to sulphate 
was much lower than 2 (Table I I I ) , indicating that the formation of 
ammonium sulphate was limited by the relative low concentrations of NH.,. 
This also explains the low pH value of 4 .1 (Table I ) . These observations 
suggest that in areas heavily affected by a complex of atmospheric 
pollutants, pH of precipitation is not always directly correlated to sulphate 
or excess sulphate. It was shown that in NH-, affected areas higher 
sulphate concentrations even corresponded with less acidic precipitation. 
Fowler et a l . (1982) emphasized that some of the excess sulphate in urban 
-31 -
precipitation indeed did not contribute to acidity, but was associated to 
ammonium ions. In several other studies the presented data lead to similar 
conclusions. The highest acid levels in precipitation are generally found 
m those areas where, at the same time, the abundance of precursor gases 
is high and the concentrations of neutralizing components are low (Fuhrer, 
1985) In such regions low pH values correspond with high sulphate 
concentrations (Drablos and Tollan, 1980 Hicks, 1984) 
Some restrictions should be made with respect to the absolute meaning of 
the conclusions drawn as the collected precipitation includes wet deposition 
by rainfall, snowfall, mist, fog, aerosols and dry deposition by 
sedimentation of particles in the gauge. According to Fowler et al. (1982) 
the measured concentrations of sulphate and nitrate are exaggerated by 
2-10%, when compared to the concentrations present m ram However, the 
overestimation will depend on both the distance and density of emitting 
sources The contribution of dry deposition to bulk precipitation may be 
up to 20% (van Aalst, 1984, KNMI/RIVM, 1985 and 1986). Until now, 
however, no exact quantitative information is available, which makes it 
impossible to estimate the importance of eventually dry deposited NH., 
Nevertheless it should be assumed that part of the very high ammonium 
concentrations in the strongly affected areas can be ascribed to increased 
dry deposition of NHQ 
The observed volume-weighted mean annual concentrations m 
precipitation are more or less of the same magnitude as the measured 
median values (Table IV vs Table I) Moreover, the trend in differences 
between the areas is similar The only remarkable difference concerns the 
values of pH. These are much lower if based on the mean hydrogen-ion 
concentrations, which is due to the heavier weight of very low pH values 
As a consequence the median pH values of precipitation are more useful 
when the actual acidity of precipitation is studied. Most of the published 
annual data on precipitation m The Netherlands as well as m other 
European countries do generally not reveal such high annual pH and 
concentrations of ammonium and sulphate as were determined in some of the 
NHo affected inland areas This can be ascribed to the locations of the 
sampling stations in the national and international networks These 
stations are generally more remote from local or regional sources of 
atmospheric pollutants Nevertheless, the annual median values of 
ammonium, nitrate and sulphate at the location "Breehei" of the Dutch 
Rainwater Network (close to the areas I, I I , and III) approach the 
measurements of the present paper. This is also the case if the seaside 
Network station "de Kooij" is compared to the Terschelling area V 
(KNMI/RIVM, 1985 and 1986). Despite the rather large spatial variation of 
precipiation chemistry in the southern region (particularly with respect to 
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pH, ammonium and sulphate), the observed data are not exceptional for 
the European continent. In many regions m Europe, with anthropogenic 
pollution of the atmosphere, the annual pH of precipitation often exceeds 
5.0. In some studies atmospheric ammonia is regarded as the most 
important neutralizing component, while the corresponding ammonium 
concentrations are higher than 100 or 150 vmol.l (Drablos and Tollan, 
1980 Anonymous, 1983 and 1984; KNMI/RIVM, 1985 and 1986; Fuhrer, 1985, 
Mosello, 1986) In some of these areas there is a considerable emission 
density of NH3 from animal waste (Buijsman et a l . , 1987). Apparently, m 
other European regions, regional and local effects of Nl-Ц cause similar 
phenomena with respect to precipitation chemistry as outlined before. Such 
effects sometimes disturb the commonly used interpretation of precipitation 
chemistry. 
Atmospheric deposition of add, nitrogen and sulphur 
Bulk deposition of ammonium and sulphate was particularly high in the 
areas Rouwkuilen, Vredepeel and Manapeel (Table V ) . Based on the 
presence of Nl-Ц emitting sources and emission data (Buijsman, 1984; 
Buijsman et a l . , 1987), these areas have higher N H Q concentrations m the 
atmosphere than Terschelling and Strabrechtse Heide 
Apart from wet or bulk deposition, d r y deposition of atmospheric 
pollutants contributes to the total load of the environment However, the 
extent of d r y deposition depends on various factors, such as the type of 
catchment area, the distance to the emitting source and climatical 
conditions. Regarding wet surfaces, pH may be important. Dry deposition 
of N H 3 is increased if pH<7, whereas the d r y deposition of SO2 is 
enhanced if pH>5 (Adema et al , 1986) The results of the total deposition 
measurements on an acid (pH=4) water surface varied considerably between 
the studies areas. The contribution of d r y deposition to the total 
deposition of NH was related to the regional and/or local exposure to 
different atmospheric concentrations of NH-, (see Material and Methods). 
The observed effects of N H Q on deposition particularly occurred within 1 
km of the NHn emitting point sources. At a larger distance the deposition 
characteristics seem to be determined by regional effects of non-point 
sources and remote point sources. As a result the ratios of total to bulk 
NH deposition were highest in Rouwkuilen and Manapeel Within a 
distance of 1 km to windward total deposition is almost twice (1 8) the 
amount of bulk deposition. When 20% of the bulk deposition is regarded as 
d r y deposition, the ratio of total to wet deposition comes to 2 2. This 
ratio, being applicable for acid water surfaces, corresponds remarkably 
well with the average total to wet ratio (2 3) in The Netherlands (van 
Aalst, 1984). 
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Based on the results of the Rouwkuilen area, the mean yearly load of an 
open pH=4 water with NHx and derived components amounts to 46 kg ha 
(maximum at one location 62 kg). In area III (Manapeel) 21 kg ha' yr~ 
was measured. Model calculations of atmospheric NHx deposition in open 
areas in the surrounding region reached values of 31 kg N ha yr 
(Asman and Maas, 1986). The same study mentioned for the northern area 
of Terschelling a yearly amount of 7.5 kg ha .yr" , while in the present 
study a NH -N load of 11 kg.ha' was measured. It may be deduced from 
this comparison that the small-scale variation in the total load of the 
environment with nitrogen is rather high in the studied southern region. 
Nevertheless, the model calculations on NH deposition in open areas 
correspond roughly with the deposition measurements on an acid water In 
order to assess the total nitrogen (NH • NO ) load of an surface water, 
the given NH -N values should be augmented with the total deposition of 
nitrate Moreover, both the total catchment area and the effect of 
emergent and shore vegetation on deposition rates should be taken into 
account. 
Recent calculations of the ammonia emission density in Europe (Buijsman 
et a l . , 1987) have shown remarkably high values in The Netherlands, 
Belgium, Denmark and in parts of Italy, France, Great Britain and the 
Federal Republic of Germany In the present paper it has been shown that 
m concentration areas in The Netherlands the emission of NH, and 
atmospheric NH deposition are closely related to each other. Moreover, 
m such regions many of the environmental problems can be ascribed to the 
deleterious (both direct and indirect) effects of high ammonia emission 
densities. These observations stress the need to pay more attention and to 
obtain detailed information on the role and distribution of ammonia 
compounds both in the atmosphere and biosphere m those European 
countries which are known to be subjected to a substantial ammonia 
emission. 
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WATER ACIDIFICATION BY ADDITION OF AMMONIUM SULPHATE IN 
SEDIMENT-WATER COLUMNS AND IN NATURAL WATERS 
J.A A.R Schuurkes, J. Jansen and M. Maessen 
ABSTRACT 
The importance of biochemical conversions of ammonium sulphate in water 
acidification was studied by means of sediment-water columns at the 
laboratory and enclosure experiments in natural waters. Evidence is given 
that acidification induced by ammonium sulphate is determined by 
ammonium, nitrate and sulphate related processes. The importance of 
various environmental factors influencing the rate and extent of these 
processes is experimentally supported. In sediment-water columns with 
circumneutral water poor in bicarbonate, above an oxidizing sandy 
sediment, the production of hydrogen-ions was ful ly explained by the 
nitrification process. In acid water with pH<4 5, the rate of nitrification 
was reduced down to 14%. The acidifying impact of ammonium sulphate 
decreased m the presence of nitrogen assimilating algae and reducing 
sedimentary conditions In a typical low-alkaline shallow water with an 
oxidizing sediment the nitrification process contributed significantly to the 
acidification by ammonium sulphate In an acid water with a reducing 
sediment demtnfication was the most important alkalimzmg process. The 
acidification efficiency of ammonium sulphate conversions was 132% in the 
f i rs t , and 22% m the second type of water It is emphasized that the 
effective acid production resulting from high external inputs of ammonium 
sulphate, e g . by atmospheric deposition, exerts a significant pressure on 
the acid-base balance of low-alkaline waters. 
INTRODUCTION 
Within the nitrogen cycle, ammonium is an important component m 
controlling the functioning of aquatic ecosystems. In urban and 
industrialized areas the major source for the pollution of surface waters 
with ammonium salts is discharge from effluent water In rural areas with 
intensive agricultural and livestock breeding activities, however, both 
runoff water and atmospheric deposition result m a significant ammonia 
load of surface waters (W.H.O 1986). Considering the involved ecological 
effects most attention is focused on eutrophication and toxicity of NH, to 
aquatic invertebrates, fishes and plants (W H.O. 1986). In fertilization 
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studies particularly biological effects are considered and little attention has 
been given to the subsequent chemical alterations in water and sediment. 
Within this approach ammonium sulphate is regarded as a neutral compound 
having no effect on the acid balance in natural waters. Recently more 
attention is paid to the acidifying potential of ammonium in the 
environment, and ammonium in precipitation is taken into account in the 
problems of acidification of soils and waters (van Breemen et al. 1982; 
Dillon 1983; Grennfelt & Hultberg 1985; Roelofs et al. 1985; Schindler et 
al. 1985; Moselle et al. 1986a; Schuurkes 1986a). Particularly low-alkaline 
aquatic systems, exposed to high ammonium inputs, are adversely affected 
by acidification induced by internal ammonium conversions. Other studies 
focus on the acidifying impact of biochemical conversions of ammonium 
compounds in surface waters. Two biochemical processes are involved in 
the ammonium-induced acid production. One being the oxidation of 
ammonium (nitrification) by micro-organisms; the other being the 
assimilation of ammonium by autotrophic organisms. Experimental support 
of these processes is given by studies of Collins et al. (1975), Otte & 
Rosenthal ( 1 9 7 9 ) , Rennert (1981), Goldman Ь Brewer ( 1 9 8 2 ) , Schindler et 
al. (1985), Mosello et al. (1986b) and Schuurkes ( 1 9 8 6 a , b ) . 
The major aim of the presented study is to examine the processes which 
are involved in the acidifying impact of ammonium sulphate, and their 
effects on water quality, in lentie low-alkaline clear waters in The 
Netherlands. These waters are situated on pleistocene sandy soils and are 
mainly fed by rain water. They are generally shallow, fully mixed and 
have periodically fluctuating water levels. Acidic precipitation containing 
significant amounts of ammonium sulphate is regarded as an important 
contributor to the acidification of many of those waters (Leuven et al. 
1986; Schuurkes 1986a). The acidifying potential, acid production, and 
acidification efficiency of ammonium sulphate was studied in controlled 
laboratory experiments (sediment-water columns), and under field 
conditions (enclosure experiments in natural w a t e r s ) . Some important 
factors which determine the effectiviness of the involved chemical 
conversions (and thus affect the ultimate acidifying effect) are taken into 
account. With respect to this, emphasis is given to the bicarbonate content 
of the water, the carbonate and organic matter content of the sediment, 
and the presence of nitrogen assimilating algae and macrophytes. 
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MATERIALS AND METHODS 
Sediment-water columns 
Four different column experiments were performed under controlled 
conditions at the laboratory. In each experiment a different number of 
glass cylinders was incubated in a climate chamber during 9-12 weeks at a 
temperature of 20''C. Each cylinder (60 cm high, 0 12 cm) was filled with 
1.5 I sediment and 4.5 I medium. At several distances along the 
cylinder-wall, cockdrams were put in to sample the overlying medium and 
the interstitial water. Daily, 10 ml of the medium was percolated through 
the sediment. In this way the hydrological conditions of lentie, ram water 
dependent water bodies, m which a part of the water is strained by the 
sediment, were simulated. Biogeochemical conversions, which are known to 
occur in the upper sediment layer, as well as interactions between the 
water and sediment are taken to be responsible for the development of 
water quality. The initial situation of the performed experiments differed 
m a) ammonium, sulphate and bicarbonate level of the overlying water, b) 
carbonate and organic matter content of the sediment, and c) dark/light 
conditions in the climate chamber. 
Experiment 1 : 
In this experiment the pH development of three different ammonium and 
sulphate containing solutions was studied above a carbonate poor and a 
carbonate enriched sediment. Mineral sandy sediment was obtained from the 
Beuven, a slightly eutrophicated and polluted soft water lake At the 
laboratory the sediment was washed with demmerahzed water in order to 
remove organic particles, and air-dried. The chemical composition of the 
sediment is given m Table 1. A part of the sediment was mixed with 
calcium carbonate, resulting in an inorganic carbon content of 2 86 mmol 
per kg wet sediment. 
Three cylinders were filled with the original carbonate poor sediment; 
another three with the carbonate enriched sediment. Above both types of 
sediment the following solutions were added: 
1 mmol. Γ 1 ( N H 4 ) 2 S 0 4 ; 2 mmol.f 1 NH4CI and 1 mmol.!"1 ^ S C ^ . The 
solutions were prepared m demmerahzed water and 1N HCl was added until 
pH 4.3. The six sediment-water columns were incubated in the dark during 
a 10 week period. In the overlying medium, pH measurements were carried 
out weekly. 
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TABLE 1 
Some chemical characteristics of the sandy sediments used in experiments 1 
to 4. 
redox(aV) loss on inorganic 
Wet Sediment pH potential ignition(X) carbon** 
mineral 
organic 
Dry Sediment* 
mineral 
organic 
6.1 
6.0 
N 
10.3 
157 
+280 
-140 
Ρ 
0.1 
18.5 
Ca 
3.6 
23.0 
0. 
a 
.3 
.1 
Mg 
4.0 
19.5 
53 
53 
Fe 
13.5 
87 
Al 
46 
192 
Cd** 
3.1 
5.4 
•expressed as mmol, kg" ; * * expressed as pmol.kg" 
Experiment 2: 
This experiment was set up to study the processes related to the 
acidifying impact of ( N H J J S O Í at three different bicarbonate levels. Nine 
cylinders were filled with the same carbonate poor, mineral sandy sediment 
as used in experiment 1 (see Table 1 ) . Nine different overlying solutions 
were prepared in demineralized water with variations in sodium bicarbonate 
and ammonium sulphate concentrations. The initial overlying medium in the 
first three sediment-water columns ( 1 , 2 and 3) contained 2000 pmol.l 
bicarbonate together with 0, 500 and 1000 pmol.l ammonium, respectively. 
In the second group of sediment-water columns (4, 5 and 6) similar 
ammonium sulphate concentrations were present in a medium containing 500 
vmol.l bicarbonate. In the last three columns (7 , 8 and 9) the initial 
overlying medium was bicarbonate free and ammonium sulphate 
concentrations were similar to those of the other columns. 
As biochemical conversions of both nitrogen and sulphur may be involved 
in the pH development of the water layer, besides p H , also ammonium, 
nitrate and sulphate concentrations were monitored. At intervals of several 
days water samples were taken and analyzed for bicarbonate, ammonium, 
nitrate and sulphate. pH measurements were carried out more frequently. 
All sediment-water columns were incubated in the dark for a 12 week 
period. Dark conditions were used in order to prevent growth of nitrogen 
and carbon assimilating algae. 
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Experiment 3: 
This experiment was set up to study the acidifying impact of ammonium 
sulphate in the presence of nitrogen and carbon assimilating algae. Three 
sediment-water columns were incubated at a dark/l ight regime of 8/16 hrs 
during 12 weeks, with a light intensity of 34 uE.m2. The overlying 
medium contained initially 2000 ymol. I NaHC03 and three different 
concentrations of (NH^USCK, being 0, 500 and 1000 μπιοΙ Γ ammonium, 
respectively. The starting situation corresponded with that of the 
sediment-water columns 1, 2 and 3 of experiment 2, which were incubated 
in the dark. Samples of the overlying water layer were taken at intervals 
of several days and analyzed for ammonium, nitrate, sulphate and 
bicarbonate. pH measurements were carried out more frequently. 
Dark/light conditions were used to effectuate growth of algae. The outer 
cylinder wall around the sediment layer was painted black in order to 
prevent algal development in the sediment. In order to asses the 
importance of these organisms m affecting pH development, the results 
must be compared with those of the corresponding columns 1, 2 and 3 of 
experiment 2. 
Experiment 4: 
In this experiment the pH development of bicarbonate and ammonium 
sulphate containing media above an organic, reducing sandy sediment was 
studied. Some chemical characteristics of the sediment, which was also 
obtained from the Beuven (see experiment 1), are presented in Table 1. 
Four sediment-water columns were incubated during a 10-week period. 
Differences between the initial situation of the various columns were based 
on variations m sodium bicarbonate and ammonium sulphate concentrations. 
The experimental set up enables to determine effects of anaerobic nitrogen 
and sulphur conversions on development of pH and water quality, when 
the results are compared with those of columns 5, 7 and 9 of experiment 
2. 
Two sets of two columns were incubated in the dark at 200C. In the 
f i rs t two columns (1 and 2) the overlying medium initially contained 1000 
vmol.l bicarbonate, with additions of 0 and 1000 pmol.l ammonium, 
respectively. The same initial ammonium concentrations were present m 
the second two columns (3 and 4) with a bicarbonate-free medium 
(pH=4 0). At intervals of several days water samples were taken and 
analyzed for ammonium, nitrate, bicarbonate and sulphate. pH 
measurements were carried out more frequently. 
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Enclosure experiments in natural waters 
The experimental set up described in the previous paragraph enables to 
study pH development of different ammonium and sulphate containing 
solutions as well as qualitative and quantitative aspects of the underlying 
processes under controlled laboratory conditions. Under field conditions, 
however, such processes are interacting in the water (algae, 
macrophytes), the sediment (bacteria) and at the sediment-water interface. 
The ultimate effect of ammonium sulphate and nitrate related conversions 
on changes in hydrogen-ion concentration and water quality is, therefore, 
determined by the competition between bacteria and algae for the 
substances which are added to the water layer. 
In order to study the effect of additions of ammonium and nitrate on 
changes in acidity (acid production or consumption) of waters under field 
conditions, enclosures were used. In two oligotrophic soft water takes, 
differing in pH and alkalinity, three enclosures (high 1.50 m; 0 0.47 m) 
were placed 15 cm in the sediment. In this way the water inside the 
enclosure was excluded from the lake water. Both waters are situated on 
the isle of Terschelling in the northern part of The Netherlands. Some 
chemical characteristics of the water and the interstitial water of the 
sediment at the experimental sites are shown in Table 2. 
Water depth at both sites was 0.50 m. In the water of the Griltjeplak (a) 
the experimental site was covered with a dense stand of Littorella uniflora 
(L. ) Aschers., whereas the sediment in the Van Hunenplak (b) was 
covered with a mat of partly decaying Sphagnum spp. . For sites a and b, 
loss on ignition values of the sediments were 1.5% and 1.2%, respectively. 
In the Griltjeplak the redox potential varied between +140 and •ISO mV, 
whereas it was much lower in the Van Hunenplak (-115 to +120 mV). 
At each site the water in one of the enclosures was enriched with 
ammonium sulphate (target concentration 150 ymol. | ammonium). A second 
enclosure was enriched with sodium nitrate (target concentration 150 
ymol.l ni trate). The th i rd enclosure served as a reference. The 
experiment was performed in summer 1984 during 28 days. Mixed water 
samples were taken at intervals of several days. At the same time pH and 
alkalinity were determined in the field. Water samples were analyzed for 
the components as shown in Table 2. 
Sampling, measurements, chemical analyses and statistical methods 
Measurements of pH, alkalinity, acidity and inorganic carbon of the 
collected water were carried out shortly after sampling. pH was measured 
with a EA-152 combined pH electrode, connected to a Metrohm Herisau 
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TABLE 2 
Chemical composition (1984 means) of water and in te rs t i t i a l water at the 
exper imental sites in the Gr i l t jep lak (a) and the Van Hunenplak (b) 
pH 
alkalinity 
acidity 
ammonium 
nitrate 
phosphate 
sulphate 
potassium 
sodium 
chloride 
calcium 
magnes iura 
iron 
water 
(n = 
a 
7.05 
1.09 
0.12 
1.5 
3.9 
0.3 
91 
52 
1630 
1480 
443 
355 
12 
8-11) 
b 
5.30 
0.07 
0.08 
1.0 
4.1 
0.2 
118 
93 
1580 
1620 
110 
207 
6 
interstitial water 
(n = 
a 
7.00 
2.90 
0.50 
76 
48 
2.4 
480 
244 
2870 
1650 
653 
484 
71 
4-5) 
b 
6.80 
1.44 
0.60 
175 
14 
8.4 
591 
235 
2500 
1900 
133 
217 
72 
A lka l i n i t y and ac id i ty are expressed as meq I , o ther values, except pH 
are expressed as pmol I 
E-588 pH/mV meter A lka l in i t y was determined by t i t r a t i on of a subsampie 
w i th 0 01 N HCl down to pH 4 2, whereas ac id i ty was determined by 
adding 0 01 N NaOH up to 8 4 (modif ied f rom Stumm & Morgan 1981) The 
inorganic carbon content was determined by means of i n f ra red 
carbondiox ide analysis af ter adding 1 M phosphor ic acid to small 
subsamples Oceanography Internat ional equipment and a Horiba PIR-2000 
a n a l y z m g - u m t were used The f rac t ions of carbond iox ide , bicarbonate and 
carbonate were calculated f rom equations concern ing the inorganic carbon 
equ i l ib r ia and p H , der i ved f rom Stumm & Morgan (1981) The col lected 
water was passed th rough a Whatman GF/C f i l t e r (1 2 pm) In a subsampie 
some gra ins of c i t r i c acid were added f o r the determinat ion of metals Al l 
samples were stored in lodated polyethylene bott les and f rozen at -270C 
unt i l chemical analyses 
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Sediments were collected from below the water layer by means of a 
perspex tube with a diameter of 10 cm. After one day airt ight conservation 
of the fresh sediment, the redox conditions were measured with an EA-127 
combined platinum electrode, connected to a Metrohm Hensau E-588 pH/mV 
meter. The inorganic carbon content of the sediment was determined by 
adding 1 ml phoshonc acid (1 M) to 1 g wet sediment. Carbon analysis was 
conducted as described for the water samples. For the assessment of the 
chemical composition of the interstitial water, sediment-water extracts were 
made 60 g wet sediment was thoroughly mixed with 180 g twice distilled 
deminerahzed water during one hour at room temperature. The 
supernatant was separated by centnfugatmg (5000 rpm) the extract. 
Further treatment of the supernatant was similar to that of water samples. 
Subsamples of the wet sediment were dried at 1050C during 24 hours. Loss 
on ignition of the sediment was calculated out of the weight loss of 10 g 
dried sediment after 4 hours heating at SSO'C. In order to establish the 
total chemical composition, the dried sediment was digested under high 
pressure with concentrated perchloric and sulphuric acid as described by 
Roelof s (1983). 
Chemical analyses of water, sediment extracts and digestion mixtures 
were carried out according to Techmcon Auto-analyzer Methodology (1981). 
Fe, Ca, Mg, Mn and Cd were analyzed with an Atomic Absorption 
Spectrophotometer and Al with the Inductive Coupled Plasma method. К 
and Na were determined flame-photometrically. Sulphate concentrations 
were determined gravimetrically by using BaCL. Colonmetncal 
measurements were conducted for chloride (with mercurythiocyanide), 
phosphate (with ascorbme acid), nitrate/nitr ite (with hydrazmesulphate) 
and total ammonia (with nitroprusside and salicylate). 
The trend lines of pH as presented in Figures 2, 3 and 4 were drawn 
according to SAS methodology, 1982 (cubic spline method, smoothing factor 
40%). 
RESULTS 
Sed i ment-water columns 
The course of pH m the water layer of the different columns in 
experiment 1 is shown m Figure 1. In all cases the pH increased in a 
similar way during the f i rs t three to four weeks. 
This development probably represented the establishment of an equilibrium 
related to the experimental set up. After this period some remarkable 
tendencies were noticed. In all columns with a solution of ammonium 
chloride or ammonium sulphate the water simultaneously acidified down to 
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О 10 20 30 40 50 60 70 
time (days) 
Figure 1 Development of pH in the water layer of six sediment-water 
columns containing three different initial ammonium and sulphate solutions 
above a carbonate poor ( ) and a carbonate enriched ( ) mineral 
sandy sediment (EXPERIMENT 1). 
pH values as low as 4 0 after ten weeks. No clear differences were present 
between the columns containing carbonate poor and carbonate enriched 
sandy sediment. In the sodium sulphate solutions the alterations in pH 
were relatively small Although pH decreased after 5 weeks, it remained 
constant during the last three weeks at values of 5.0 for the carbonate 
enriched and 4 8 for the carbonate poor sediment. These results emphasize 
the acidifying potential of processes related to ammonium compounds under 
controlled laboratory conditions. The acidification process appears not to 
be affected by the coupled anion. The solutions containing sodium sulphate 
also affected pH of the water, but sulphate related processes seemed to be 
less important in determining pH development under the experimental 
conditions. 
Figure 2 shows the time trends of pH, bicarbonate, ammonium, nitrate 
and sulphate as measured in the nine sediment-water columns of experiment 
2. All solutions containing ammonium sulphate acidified within the 12-week 
incubation period When ammonium sulphate was absent (columns 1, 4 and 
7), the pH values remained rather constant and fluctuated around values 
of 7.5, 6 5 and 5.5 for the different initial bicarbonate levels. 
The rate and level of acidification (considering pH development) appeared 
to depend on the initial ammonium sulphate concentration as well as the 
bicarbonate content and coupled pH of the medium (Figure 2, Table 3 ) . 
The level of acidification is highest in the case of the highest ammonium 
sulphate concentrations when no or little bicarbonate is present (columns 6 
and 9), with ultimate pH values as low as 3.7 (Table 3). 
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Figure 2. Time t r e n d s of p H , b i c a r b o n a t e , ammonium, n i t r a t e and sulphate 
in t h e water of n ine sediment-water columns w i t h t h r e e d i f f e r e n t in i t ia l 
ammonium sulphate concentrat ions m a b icarbonate r i c h medium ( A ) , a 
bicarbonate poor medium (B) and in a bicarbonate f r e e medium (C) above a 
mineral sandy sediment (EXPERIMENT 2 ) . 
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TABLE 3 
The ultimate pH m the overlying water of nine sediment-water columns 
with different initial concentrations of ammonium sulphate and sodium 
bicarbonate after 80 days dark incubation (EXPERIMENT 2) 
(ymol.l ) ammonium (μπιοΐ.1 ) 
bicarbonate 0 500 1000 
0 5.5 3.9 3.7 
500 6.4 4.2 3.8 
2000 7.6 7.0 6.3 
A sharp decrease in pH generally occurred at relative high initial pH 
values, whereas below pH 4.5 the observed decrease was only small. The 
most obvious and rapid pH decrease occurred in the bicarbonate poor 
medium containing ammonium sulphate (columns 5 and 6) Already after 20 
days incubation pH decreased down to 4.5 After 75 days pH remained 
constant in all columns 
The bicarbonate concentrations decreased rapidly in all columns (2, 3, 5, 
6, 8 and 9) with additions of ammonium sulphate, whereas only slight 
alterations occurred when ammonium sulphate was absent. Considering the 
time trends of pH and bicarbonate, it is obvious that both parameters are 
coupled m the case of acidification. In the time trends of sulphate as 
shown m Figure 2, only slight fluctuations in concentration were observed 
during the experimental period 
In the columnns m which ammonium sulphate was added (2, 3, 5, 6, 8 
and 9 ) , remarkable trends were observed for both ammonium and nitrate. 
A decrease m ammonium appeared to be coupled with an increase m 
nitrate. The most rapid changes m nitrogen concentrations occurred in 
the columns with high bicarbonate concentrations, particularly between 10 
and 35 days (Figure 2A) In all other columns the changes m ammonium 
and nitrate concentrations were more gradually, depending on the 
prevailing pH and bicarbonate conditions. Considering the trends of pH, 
bicarbonate and nitrogen together, some developments should be stressed. 
Apparently there is a relation m time between the decreasing values of 
pH, bicarbonate and ammonium, and the simultaneous increase in nitrate 
. ι 
concentrations. In the columns containing 2000 pmol I bicarbonate, pH 
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was only slightly affected (values between 6.5 and 7.5), but the decrease 
in pH and bicarbonate concentration stopped at the moment that the 
ammonium concentration reached zero (Figure 2A). From this time the 
nitrate concentrations were rather constant. In the columns containing 500 
pmol.l bicarbonate (Figure 2B), the most rapid changes in water quality 
occurred between 10 and 20 days. After the bicarbonate concentration had 
decreased to zero, changes in nitrogen concentrations and pH were 
relatively small. In the bicarbonate-free columns, a rather continuous but 
slow decrease of pH and ammonium occurred, whereas the nitrate 
concentration continuously increased (Figure 2C). 
In Figure 3 the time trends of pH, bicarbonate, ammonium, nitrate and 
sulphate in the three columns of experiment 3, exposed to dark/l ight 
conditions, are shown The columns which initially contained ammonium 
sulphate showed a decrease m pH, bicarbonate and ammonium during the 
f i rst three to five weeks. During this period concentrations of nitrate 
increased. At the time that the ammonium concentration reached zero, the 
decrease of both pH and bicarbonate stopped. After this moment the time 
trends of pH, nitrate and sulphate altered remarkably. 
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^--«'r 1 »—*^,—»τ·— t — i - · —• —г· 
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Figure 3. Development of pH, bicarbonate, ammonium, nitrate and sulphate 
in the water of three sediment-water columns containing different initial 
ammonium sulphate concentrations in a bicarbonate rich medium, above a 
mineral sandy sediment under dark/l ight conditions (EXPERIMENT 3 ) . 
• o = 0 •• = 250 ΑΔ = 500 vmol.l"1 ( N H 4 ) 2 S 0 4 
In all columns pH was raised, whereas in the columns enriched with 
ammonium sulphate both nitrate and sulphate concentrations decreased. The 
presence of algae must be an important factor m affecting these 
developments. Algal development was already observed after 15 days. 
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Algae were rather rare in the ammonium-free column, but were abundantly 
present in the other columns. In the nitrogen enriched columns 
particularly Scenedesmus spp. and Mougeotia spp. had developed well. 
Comparing the results of this experiment with those of columns 1, 2 and 3 
of experiment 2 incubated in the dark (Figure 2A), it appears that the 
presence and growth of algae affect the development of pH, nitrate and 
sulphate. In the present experiment no clear effects were noticed 
concerning the development of ammonium and bicarbonate. 
Some results of experiment 4, in which sediment rich in organic matter 
was used, are presented m Figure 4. A significant decrease in pH was 
observed m columns 2 and 4, which initially were enriched with ammonium 
sulphate. In column 2 the decrease m pH was coupled with a decrease in 
ammonium and bicarbonate, and a simultaneous increase m nitrate. 
The level of acidification reached down to values around pH=4 5. The 
produced nitrate rapidly decreased after 32 days of incubation in the 
dark. In column 4 the ammonium concentration decreased continuously, 
resulting m an ultimate pH-value of 4 3. Nitrate production could be 
established. This is in contast with experiment 2 where nitrate 
concentrations increased or remained constant The bicarbonate 
concentration decreased continuously in the ammonium-free column 1, m 
contrast to the corresponding columns of experiments 2 and 3. The 
sulphate concentrations, however, increased in the water layer of all 
columns Considering these observations, it can be concluded that the 
acidifying effects caused by ammonium sulphate additions above reducing 
sediments rich m organic matter are quite distinct from the water quality 
development above a mineral sandy sediment. 
Enclosure experiments in natural waters 
The development of pH and alkalinity m three enclosures with different 
initial ammonium and nitrate additions in two aquatic systems is shown m 
Figure 5 Considering the Griltjeplak the pH-development was similar for 
all enclosures and the pH values slightly increased from 7 up to 7 5. 
The trends in alkalinity, however, were remarkably different between all 
treatments. In the reference enclosure alkalinity remained at a fair ly 
constant level, just above 1 20 meq I The enclosure treated with 
ammonium sulphate showed a decrease m alkalinity from 1.21 down to 0.93 
meq I , whereas in the nitrate treatment the alkalinity increased to 1.29 
. 1 
meq I In the Van Hunenplak experiment pH as well as alkalinity 
development were distinct between all enclosures (Figure 5b). Both the 
reference and the sodium nitrate treatment caused an increase in pH of the 
water. This increase was most strongly in the nitrate enclosure, where pH 
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Figure 4. Development of pH, bicarbonate, ammonium, nitrate and sulphate 
in the water of four sediment-water columns with two different initial 
ammonium sulphate concentrations in a bicarbonate rich (A) and a 
bicarbonate free (B) medium above an organic sandy sediment 
(EXPERIMENT 4). 
was raised from 5.2 to 6.8 Only minor fluctuations around pH 5 were 
observed in the enclosure m which ammonium sulphate was added. In all 
treatments time trends of alkalinity had a similar pattern However, 
compared with the reference enclosure, alkalinity was higher for the 
nitrate treatment and lower for the ammonium treatment. 
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Figure 5. Time trends of pH ( ) and alkalinity ( ) m the water of 
three enclosures with initial additions of ammonium sulphate (ma), sodium 
nitrate (ΑΔ) and no addition (·ο) in a circumneutral low-alkaline (a) and 
an acidic (b) shallow water. 
The differences m pH and alkalinity between the enclosures with 
additions of ammonium and nitrate on the one hand, and the reference 
enclosure on the other hand, were used to calculate the net acidification or 
net alkalimzation (Figure 6). In this way the net change in hydrogen-ions 
resulting from ammonium and nitrate additions was determined Figure 6 
shows the development of ammonium and nitrate (corrected for the 
concentrations in the reference enclosure) m the corresponding enclosures 
at the experimental sites a and b. In both waters the additions of 
ammonium sulphate resulted in a net increase of H+ ions, whereas the 
nitrate additions caused a net decrease. Time trends of sulphate, although 
not shown, were not different between the treatments. 
Considering the ammonium treatments, the ultimate net acidification in the 
Griltjeplak was six times higher than the net acidification m the Van 
Hunenplak (Figures 6a and 6b) Another important difference between 
both waters concerns the time trends of ammonium. At the Griltjeplak (site 
a) ammonium decreased rapidly and had completely disappeared already 
after 11 days Based on this zero-point, the decrease of 167 y m o l . f 1 
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Figure 6. Trends of ammonium and nitrate, and net increase of hydrogen 
ions in the water of two enclosures with initial additions of ammonium 
sulphate and sodium nitrate in a circumneutral low-alkaline (a) and an 
acidic ( b ) shallow water. All values are corrected for measured values in 
the reference enclosure. 
corresponded with a net (or effective) increase of 220 угтюІ.Г1 H + . 
Assuming the ammonium decrease to be 100%, the acidification efficiency of 
the added ammonium sulphate on equivalent base is 132%. At the Van 
- 5 3 -
Hunenplak (s i te b) t h e decrease was much slower and the ammonium 
zero-point was reached o n l y a f t e r 28 d a y s . D u r i n g t h i s per iod 192 vimol.l 
ammonium had d i s a p p e a r e d , whi le the net increase in hydrogen- ions was 42 
ymol. l Based on these data the acid i f icat ion ef f ic iency of ammonium 
sulphate is 22%. 
In both waters the addi t ions of n i t r a t e resul ted in a net alkal inizat ion o r 
decrease of h y d r o g e n ions (F igures 6a and 6 b ) , which was highest in the 
case of the G r i l t j e p l a k . However, the time t r e n d s of n i t r a t e in t h e 
enclosures w i t h addi t ions of sodium n i t r a t e were d i f f e r e n t between the two 
w a t e r s . In the G r i l t j e p l a k exper iment (a) n i t r a t e decreased slowly to the 
zero-point d u r i n g 22 d a y s . At t h i s po int the 100% decrease in n i t r a t e 
concentrat ion was 140 ymol. l , whereas the net decrease of acid was 92 
ymol. l H . T h e c o r r e s p o n d i n g acid n e u t r a l i z a t i o n , or a lka l in izat ion, 
e f f ic iency of n i t r a t e is 66%. In the Van Hunenplak ( b ) the change in 
n i t r a t e concentrat ion was a lready zero a f t e r 11 d a y s . Based on th is 100% 
r e d u c t i o n in n i t r a t e concentrat ion (192 ymol. l ) and a net decrease of 61 
umol.l Η , the neutra l izat ion ef f ic iency of n i t r a t e is 32%. 
DISCUSSION AND CONCLUSIONS 
Ammonium sulphate and acidification in sediment-water columns 
The results of the p e r f o r m e d experiments show t h a t addit ion of ammonium 
compounds to low-alkal ine o r b icarbonate poor water above a mineral sandy 
sediment poor in carbonate resul ts in a decrease of a l k a l i n i t y and p H . 
Biochemical processes related to ammonium conversions a p p a r e n t l y are able 
to d i s t u r b the n a t u r a l acid-base balance and cause acidif icat ion of the 
water by the p r o d u c t i o n of H - ions. When s i g n i f i c a n t amounts of a l k a l i n i t y 
(or b icarbonate) are p r e s e n t the ult imate e f f e c t of th is acid product ion on 
pH of the water is n e g l i g i b l e . A rap id and s i g n i f i c a n t decrease in pH wi l l 
occur if the system e x h i b i t s only a low b u f f e r i n g capaci ty. From 
exper iment 1 it was deduced t h a t the anion t o which ammonium is coupled 
is not of d i r e c t importance if the p r e v a i l i n g condit ions are favourable f o r 
t h e ammonium-induced a c i d i f i c a t i o n . Several o t h e r f e r t i l i z a t i o n and water 
pol lut ion studies have also shown t h a t addi t ions of ammonium chlor ide o r 
ammonium sulphate to soft waters may cause acid i f icat ion (Goldman & 
Brewer 1982; Schindler et a l . 1985; Mosello et a l . 1986b). Two biochemical 
+ 
ammonium-conversions are responsible f o r the p r o d u c t i o n of H - ions. One 
being the uptake by a u t o t r o p h i c s , according to the e q u a t i o n : 
N H 4
+
 • R-OH ==> R-NH 2 + H + + H 2 0 
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This process was experimentally supported by Goldman & Brewer (1982) m 
algal chemostats The other is nitrification of ammonium by 
micro-organisms: 
NH 4
+
 • 2 0 2 ==> NO3" + 2 H* • H20 
This latter process has the highest acidifying ability as the H production 
is theoretically 200oo (based on equivalents) of the amount of ammonium 
converted Some aspects of the nitrification process and its acidifying 
potential were elucidated by experiment 2. In all sediment-water columns 
with additions of ammonium sulphate pH, bicarbonate and ammonium 
decreased whereas nitrate simultaneously increased (Figure 2). For the 
columns which initially contained bicarbonate, calculations were made on 
the acid production (based on ΔρΗ and ДНСОо ) and on changes m 
ammonium and nitrate concentrations Considering these four columns, a 
100оь decrease m ammonium was coupled to the production of 211 ± 11% 
hydrogen ions and 89 t 5% nitrate. These data correspond with the 
theoretical equation of the nitrification process in which a 100oo ammonium 
consumption results in the production of 200% hydrogen ions and 100% 
nitrate. Otte t Rosenthal (1979) and Rennert (1981) also gave 
quantitative indications on the importance of the nitrification process m 
reducing bicarbonate concentration and pH These observations show that 
the experimental set up, with incubation of ammonium-containing solutions 
above an oxidizing mineral sandy sediment (+280 mV) m the dark, provides 
optimal conditions for the nitrification process. Rhemheimer (1971) and 
Focht & Verstraete (1977) confirm the importance of such sedimentary 
conditions for nitrification However, the rate of acidification appears to 
depend on the prevailing conditions of pH and bicarbonate or alkalinity. 
Figure 2 shows that a slow decrease of pH occurs when the prevailing pH 
is below 4.5. In the presence of bicarbonate and pH-values above 6 the 
nitrification process is complete. According to Walker (1975) and Focht & 
Verstraete (1977) circumneutral to low alkaline environments with the 
presence of a base provide optimal conditions for nitrif ication. Under the 
prevailing optimal conditions, the mean daily increase in nitrate 
concentration (based on a linear concentration trend) was 26.7 i 1.4 
μιηοΙ.Ι (n=3). At pH values below 4.5 the daily increase in nitrate 
concentration was 3 7 ± 1 0 μποΙ.! (.n-4), whereas it was 4.1 ± 0 8 
umol.l (n=2) below pH 4.0. The difference between the latter two data 
was not significant (Wilcoxon test) It can be concluded from these 
calculations that a low pH clearly inhibits the mtrification-mduced 
acidification process At pH values of 4.5 and lower the nitrification rate 
is reduced down to 14%, if all other prevailing conditions are optimal for 
nitr if ication. Inhibition of nitrification by low pH is a well-known 
phenomenon, but pH limit values are variable and quantitative information 
-55-
is rare (Collins et al. 1975; Focht t, Verstraete 1977; Rao t, Dutka 1983) 
There was no relation between the calculated nitrification rate and the 
different initial ammonium and bicarbonate concentrations. However, the 
ultimate level of acidification does depend on the initial situation (Table 3) . 
When the NH« /HCOo ratio is 1 or more, an extreme acidification occurs 
Below a ratio of 0.5, pH is only slightly affected. In this situation the 
solution is buffered by the remaining bicarbonate. Schuurkes (1986b) 
already described that the level of acidification in small-scale soft water 
systems depends on the amount of ammonium added. In all columns the 
nitrate and sulphate concentrations increased or remained at a constant 
level during the experimental period. This implicates that the described 
chemical and physical conditions of the sediment (Table 1) are 
unfavourable for demtrification and/or sulphate reduction These 
conclusions are supported by information of Jones (1979) and Knowles 
(1982) 
In the presence of light other processes are also involved in the 
acidifying efficiency of ammonium sulphate. Particularly the uptake of 
bicarbonate, ammonium, nitrate and sulphate by light-dependent organisms, 
such as algae or photo-autotrophic bacteria, may interfere with 
acidification processes. Comparison of the results of corresponding columns 
under dark and light conditions (experiments 2 and 3) emphasizes the 
importance of the uptake of nitrate and sulphate. The ultimate 
concentrations of nitrate and sulphate were lowest m the presence of l ight, 
whereas the ultimate pH values were highest (Figure 3) . Apparently the 
presence of algae and other nitrate and sulphate assimilating organisms 
reduce the ultimate acidifying impact of ammonium sulphate addition. 
Demtrification and sulphate reduction by anaerobic micro-organisms are of 
minor importance as the prevailing sedimentary conditions are unfavourable 
(Jones 1979, Knowles 1982). Considering these observations the most 
important process involved will be the uptake of nitrate by algae: 
N0 3 " • R-OH + H+ ==> R-NH2 • 2 0 2 
This process neutralizes hydrogen-ions, or may produce alkalinity (Stumm 
& Morgan 1981; Raven 1985). Sulphate consumption by sulphate assimilating 
micro-organisms may additionally be responsible for the somewhat lower 
sulphate concentrations 
Apart from uptake processes by assimilating organisms, microbiologically 
mediated conversions of nitrate and sulphate may also affect the 
acidification efficiency of ammonium sulphate in water. With respect to 
these compounds, both demtrif ication -
4 N0 3 " • 5 CH20 + 4 H+ ==> 2 N2 + 7 H20 • 5 C02 
and sulphate reduction: 
S0 4 2 " • 2 CH20 • 2 H* ==> H2S + 2 H20 • 2 C02 
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are known to occur in anaerobic and reducing environments (Stumm & 
Morgan 1981; Kelly et al. 1982; Knowles 1982). Both processes consume 
hydrogen ions, or produce alkalinity, and thus may increase pH. Effects 
on bicarbonate concentrations and pH were experimentally supported m 
studies of Abd-el-Malek & Rizk (1963), Otte & Rosenthal (1979) and 
Birnbaum & Wireman (1984). The results of experiment 4, with additions 
of ammonium sulphate to water above a reducing sediment (-140 mV) rich 
m organic matter, indicate the importance of such processes (Figure 4). 
The ultimate pH (4.3 - 4.5) of the columns with additions of ammonium 
sulphate was higher than that of the corresponding columns after 65 days 
of experiment 2 (pH 3.9 - 4.2) above an oxidizing mineral sandy sediment. 
Particularly in the presence of bicarbonate the initial trends of ammonium 
and nitrate indicate that nitrification occurred. Nevertheless, the 
developments of nitrate concentration were very different from those 
observed m the corresponding columns of experiment 2. Nitrate 
production was hardly observed or the nitrate concentration rapidly 
decreased (Figure 4 ) . Both cases indicate that demtrification processes 
occur in the reducing sediment. The alkalizing potential of this process 
probably accounts for the relatively high ultimate pH values No clear 
information could be obtained on the extent of sulphate reduction. 
Nevertheless, sulphate reduction cannot be excluded as the results only 
concern net concentrations. Sulphate reduction is probably of minor 
importance as the presence of nitrate inhibits this process (Jones 1979; 
Stumm & Morgan 1981). The continuous increase of sulphate in the water 
may result from diffusion processes between the water and sediment rich m 
minerals and salts. Bacterial oxidation or auto-oxidation of reduced sulphur 
compounds at the sediment-water interface may also account for the 
increase of sulphate m the water. The production of acid, observed as the 
decrease in bicarbonate concentration, above the organic sediment probably 
results from this process (Stumm & Morgan, 1981). Humic substances 
present m the organic-rich sediment may also play a part m these 
developments. 
Add production by ammonium sulphate in natural waters 
Both types of waters in which the enclosure experiments were conducted 
represent more or less typical aquatic systems which are known to be 
adversely affected by acidifying atmospheric deposits (Roelofs 1983; 
Leuven et al. 1986; Schuurkes 1986a,b. Arts Ь Leuven 1987) One 
(Griltjeplak) is a rather undisturbed low-alkaline shallow lake with a 
submerged vegetation dominated by Littorella uniflora. The other (Van 
Hunenplak) is a, recently acidified, shallow water dominated by a 
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vegetation of Sphagnum spp The sediment-water column experiments as 
discussed m the previous paragraph, have shown the importance of 
ammonium and nitrate conversions m affecting the acid-base balance of 
bicarbonate poor water The major biochemical processes involved in the 
production and neutralization of hydrogen ions by ammonium sulphate are 
nitr i f ication, ammonium uptake, denitnfication, nitrate uptake and sulphate 
reduction. When ammonium sulphate is experimentally added to natural 
waters these and other processes are interacting and the net effect on the 
change in hydrogen ion or acid concentration is determined by the rate 
and extent of each of the involved biochemical processes. Several 
environmental factors were important in affecting these processes, 
particularly. pH/alkalimty of water and sediment, the presence of 
assimilating macrophytes and algae, and the redox conditions and carbonate 
content of the sediment 
Considering the results of the enclosure experiments, addition of 
ammonium sulphate to low-alkaline shallow waters with a dense submerged 
vegetation of Líttorella uniflora on an oxidizing sandy sediment resulted m 
a significant decrease in alkalinity while pH was not yet affected during 
the experimental period (Figure 5a) The internal acidification efficiency of 
ammonium sulphate was 132o. Effects of sulphate reduction (by acid 
neutralization) on the ultimate extent of acidification could not be 
established, but the oxidizing conditions of the sediment do not allow 
sulphate reduction to be of quantitative importance (Jones 1979). In the 
same water, nitrate additions caused a relatively small increase in alkalinity 
with no effects on pH Nevertheless, the corresponding acid neutralizing 
or alkalimzation efficiency of nitrate was 660o Apparently, the 
environmental conditions are favourable for nitrate consuming processes 
which produce alkalinity Nitrate uptake as well as denitnfication are 
involved Nitrate is of quantitative importance in the nitrogen uptake of 
Líttorella uniflora (Schuurkes et al 1986) and denitnfication may occur 
under the prevailing sedimentary conditions (Jones 1979, Knowles 1982). 
Considering the data presented m Figure 6, the rate and level of these 
processes are relatively low The high acidification efficiency of ammonium 
sulphate, being more than 100o, suggests that nitrification plays an 
important role in the production of acid. Moreover, the sedimentary 
conditions (oxidizing, circumneutral) are favourable for nitr i fying 
organisms (Rheinheimer 1971, Walker 1975, Focht & Verstraete 1977; Rao & 
Dutka 1983). In order to establish the contribution of the nitrification 
process m the acid production calculations were carried out It was 
assumed that nitrification produces 2 equivalents, and uptake 1 equivalent, 
H per equivalent ammonium converted. The empirical 66% neutralization 
efficiency of the subsequent produced nitrate was also taken into account. 
-58-
The calculated production of hydrogen ions only approximated the 
measured data, when the nitrification processes consumed more than half of 
the available amount of ammonium. In spite of their theoretical character, 
these calculations confirm that also under natural conditions nitrification 
significantly contributes to the acidifying impact of ammonium conversions 
in low alkaline waters. According to Goermg (1972) nitrification and 
ammonium uptake by phytoplankton may occur simultaneously when 
ammonium concentrations exceed 10 ymol.l Mosello et al. (1986b) also 
emphasize the quantitative importance of m-lake ammonia oxidation to the 
proton production of a subalpine soft water lake 
In acid (pH-5) shallow waters with a dense mat of partly decaying 
Sphagnum spp. above a reducing sediment, the rate and level of the 
various processes were very different (Figures 5b and 6b). The 
acidification capacity of ammonium sulphate was rather low, with a 
corresponding acidification efficiency of only 22o, but both alkalinity and 
pH were decreased. Schindler et al. (1985) performed a eutrophication 
experiment adding ammonium chloride to a shallow acidic lake in which the 
sediment was covered with mosses and partly decaying organic matter. The 
whole-lake acidification efficiency of ammonium found by these authors was 
in the same order of magnitude as in the presented enclosure-experiment 
(13%). These authors also suggest the importance of ammonium-induced 
acidification by nitrification and ammonium uptake by algae. Considering 
the observations of the presented enclosure-experiment, ammonium uptake 
and nitrification processes occur at a very low rate The prevailing 
qualitative conditions of water and sediment appear to be unfavourable for 
these acid producing processes. Moreover, organic sediments benefit 
heterotrophic micro-organisms above nitr i fy ing bacteria (Ripl t Lmdmark 
1978). A substantial part of the ammonium, may additionally be absorbed 
by Sphagnum or humic complexes, and consequently have little effect on 
the acid balance The low effective production of acid, however, may 
include a possible importance of sulphate reducing processes. In fact the 
production of hydrogen ions may have been substantially higher but part 
of this acid may have been neutralized by sulphate reduction According to 
Kelly et al. (1982) the production of alkalinity by sulphate reduction m 
soft water lakes is important m reversing effects of acid producing 
processes. This will be less important for the low-alkaline and shallow 
waters with mineral sandy sediments m The Netherlands. However, in 
acidic waters with reducing sediments rich m organic matter, sulphate 
reduction may be important in combatting external acid inputs. Hemond 
(1980) also emphasized the importance of sulphate reduction for the 
neutralization of acidifying atmospheric deposits in Sphagnum dominated 
bogs. In contrast to the low rate of ammonium consumption, the rate of 
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n i t r a t e consumption appears to be re la t ive ly h igh ( F i g u r e 6 b ) . pH and 
a l k a l i n i t y both increased ( F i g u r e 5 b ) , w i t h a c o r r e s p o n d i n g acid 
n e u t r a l i z i n g e f f i c i e n c y of only 320o. Cons ider ing the environmental 
condi t ions and r e d o x - p o t e n t i a l of the sediment, p a r t i c u l a r l y d e m t n f i c a t i o n 
processes are of importance (Kel ly et a l . 1982; Knowles 1982). Fert i l izat ion 
of a shallow acidic lake m Canada w i t h sodium n i t r a t e , resulted in a 
whole-lake a lkal in izat ion ef f ic iency of 69% ( S c h i n d l e r et a l . 1985). 
The q u a n t i t a t i v e data on acidi f icat ion b y ammonium sulphate and 
a lkal in izat ion by n i t r a t e are useful to calculate the ef fect ive acid i n p u t 
r e s u l t i n g f rom externa l ammonium sulphate and n i t r a t e i n p u t s , such as 
atmospheric d e p o s i t i o n , m ram water dependent low alkal ine surface 
w a t e r s . However, t h i s information can only be appl ied if equivalent 
amounts of ammonium and sulphate are p r e s e n t . In the low-alkaline t y p e 
of w a t e r , the e f f e c t i v e acid p r o d u c t i o n may be calculated as: 
1.32 [ N H 4 + ] - 0.66 [ N 0 3 ~ ] • [H + ] 
For an acid water the basic equation is somewhat d i f f e r e n t : 
0.22 [ N H 4 + ] - 0.32 [ N 0 3 ~ ] • [ H * ] 
The f i g u r e s in these equations represent the calculated acidi f icat ion and 
acid n e u t r a l i z i n g eff ic iencies of ammonium sulphate and n i t r a t e . Both 
equations are d e r i v e d from experiments conducted in natura l waters. They 
p r o v i d e a base f o r a more detai led assessment of the a c i d i f y i n g impact of 
atmospheric deposit ion in low alkal ine w a t e r s . 
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IN VITRO STUDIES ON SULPHATE REDUCTION AND ACIDIFICATION IN 
SEDIMENTS OF SHALLOW SOFT WATER LAKES 
J A.A.R Schuurkes and С J Kok 
ABSTRACT 
The sulphate reduction capacity of six shallow soft water sediments, 
differing in pH and organic matter content, was studied under controlled 
pH adjustments ranging from pH 3 to pH 8. In the acid sediments, 
relatively rich in organic matter, the sulphate reduction capacity reached 
values of 0.09-0 12 ymol g .d . In the circumneutral mineral sediments 
the values ranged between 0 04 and 0 08 ymol g~ d The latter group 
of sediments was very sensitive to the effects of experimental acidification 
as sulphate reduction was almost fully inhibited when pH decreased from 7 
to 5 In the acid sediments inhibition occurred at lower pH values, m the 
traject from pH 5 down to pH 3 Sulphate reduction governed the 
production of free sulphides, whereas putrefaction processes were only of 
minor importance. It is suggested that in acid sediments, relatively rich m 
organic matter, the sulphate reducing bacterial population is less sensitive 
to acidification than in circumneutral mineral sediments The presence of 
organic matter appeared to be important m counteracting the inhibiting 
effects of acidification on sulphate reduction. This is important for the in 
situ sulphate reduction in sediments of soft waters which become enriched 
with organic matter during the long term process of acidification. 
INTRODUCTION 
Sulphur is an important element involved m the oxidation and reduction 
processes occurring m the submerged sediments of aquatic systems. 
Biological and chemical conversions of sulphur compounds are of significance 
to the carbon and electron flow at the sediment-water interface and have a 
great effect on the physico-chemical characteristics of the environment (5, 
14, 22, 23). In aquatic systems most attention is generally focused on 
sulphate reduction processes in sediments of marine systems and eutrophic 
hard water lakes (8, 10, 12, 19, 21, 29, 31). Particularly the importance 
of bacterial sulphate reduction in the mineralization of organic matter and 
factors affecting the level of sulphate reduction are often described The 
significance of sulphate reduction m fresh water sediments has not been as 
extensively characterized. The rate of sulphate reduction has only been 
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measured for relatively few fresh water systems ( 1 , 10, 14, 19, 29) . Most 
of this research has focused on the hypolimnion where the water column 
often becomes anoxic. Kelly and Rudd (14 ) , however, demonstrated that 
sulphate reduction also occurred in epilimnetic (shallow water) sediments of 
large lakes, which generally are overlayed by oxygenated water. In time, 
more research considered the importance of sulphate in fresh water lakes, 
particularly with respect to the problems of acidic precipitation containing 
strong acids. Increased concentrations of sulphate in lakes sensitive to 
acidification are often used to predict the level of acidification. However, 
apart from this direct relation between acid precipitation and water quality, 
it was recently demonstrated that the flux and transformations of sulphate 
can affect acidification processes of soft water lakes due to alkalinity 
production (3, 15, 17) . 
In The Netherlands several thousands of shallow soft water systems such 
as moorland pools, small lakes and some dune pools occur on pleistocene 
sandy soils. The major part of these waters is directly fed by rain water. 
Eilers et al . (6) refer to such hydrologically isolated and precipitation 
dominated waters as seepage lakes. In contrast to many other types of 
waters, such systems exhibit a low alkalinity and are poor in nutrients, 
which makes them very responsive to external disturbances. During the 
last decades more than half of these aquatic systems acidified as a result of 
acidic atmospheric deposition of nitrogen and sulphur (18, 27, 28) . In time 
of acidification the originally bare sandy sediments became enriched with 
poorly decayed organic material as a result of inhibition of the 
decomposition process. Atmospherically derived sulphate is an important 
contributor to the total S-load of these shallow soft water systems. Up to 
now no experimentally supported quantitative information on sulphate 
reduction is available for the described shallow soft water systems. 
The present study was set up to investigate the sulphate reduction 
capacity in relation to different pH in typical sediments of low alkaline and 
acidified soft waters. Data were collected on sulphate, free sulphide and 
organic matter content of the sediments. 
MATERIALS AND METHODS 
Sediment localities and sampling 
The sediments were obtained from six bodies of water as characterized in 
Table 1. The f irst three sampling sites, which exhibit a low alkalinity, a pH 
between 7 and 8, and a low ionic content, have not been acidified yet 
because of external inputs of (bi)carbonates from the surroundings. The 
other three bodies of water are acidic having pH values below 5. In the low 
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alkaline waters bare sandy sediment was selected, whereas in the strongly 
acid waters sediment relatively rich in organic matter was taken. 
TABLE 1 
Chemical properties of the water at the sediment sampling sites during 1983 
Sampling s i t e pH a l k . * S 0 , ¿ " NO. NH, Fe Ca EC** 
1 Oostvoorne 
2 Nieuwkuykse Wiel 
3 Beuven 
4 Rouwkuilenven 
S Staalbergven 
6 Ven near Schayk 
8.2 
7.3 
7.6 
4.7 
4.1 
3.8 
0.8 
0.5 
0.6 
0.1 
0 
0 
175 
232 
466 
348 
200 
622 
6 
15 
1 
15 
20 
28 
6 
14 
19 
373 
21 
21 
4 
3 
18 
16 
7 
5 
440 
300 
353 
53 
70 
19 
-
153 
198 
87 
142 
179 
* alk · alkalinity expressed as meq.l , all other constituents are expressed 
as ymol.r 
**expressed as yS cm" at 180C. 
In February 1985 surface sediment (0 - 5cm) was collected at several sites 
and removed from the water The samples were mixed in an airtight plastic 
container and transported to the laboratory. In order to re-establish the 
prevailing redox conditions, the sediments were stored in the laboratory 
during one night at 4°C m the dark The next day subsamples were taken 
to determine the chemical composition of the interstitial water which is 
presented in Table 2 
The other part of the fresh sediments was used for the sulphate reduction 
experiments 
Laboratory experiments 
The sulphate reduction experiments were carried out at the laboratory 
under controlled conditions at 20°C m the dark. For each type of sediment 
two replicate samples of 100 g fresh wet sediment were put m 500 ml serum 
bottles, together with 200 ml of a deoxygenated solution containing 1000 
Mmol I sodium sulphate After settlement there was a 4-5 cm layer of 
water above 1-2 cm sediment, corresponding with a surface area of 39 cm2 
The sediment-water mixtures were adjusted to various pH levels (pH 3, 4, 
5, 6, 7 and 8) with either 1 N HCl or 1 N NaOH. For each pH value, two 
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TABLE 2 
Some physical and chemical properties* of the studied sediments. 
Sampling site pH SO, NO, NH, loss on 
Ignition(%) 
1 Oostvoorne 
2 Nieuwkuykse Wiel 
3 Вeuven 
U Rouwkuilenven 
5 Staalbergven 
6 Ven near Schayk 
6.9 
7.3 
7.5 
4.4 
5.1 
4.9 
750 
450 
600 
690 
420 
540 
2 
6 
6 
2 
4 
5 
60 
150 
120 
450 
120 
90 
0 
1 
2 
6 
36 
3 
* pH measured in wet sediment; ions are expressed as ymol.l" interstitial 
water; loss on ignition based on dried sediment. 
reference replicates were incubated in which no sodium sulphate was added. 
After two days of pre-incubation pH was re-adjusted. The headspace of 
water and air in the serum bottles was flushed with oxygen-free nitrogen 
for 10 minutes and sealed airtight with a butyl rubber septum and an 
aluminium screw-cap. Comparable methods were used in other experimental 
studies on sulphate reduction in sediments and soils (2, 10, 14, 19, 21). 
The oxygen-free conditions provide a situation where sulphate reduction can 
occur. During the time of incubation the bottles were regularly shaken to 
remix the sediment and the sulphate containing solution. After 20 days 
incubation, samples were taken to determine concentrations of sulphate and 
sulphide. For each pH adjustment, the sulphate reduction was calculated 
from the decrease in sulphate concentration and corrected for the reference 
incubation. The difference between the duplicates amounted only up to 
10%. Based on these data mean values were calculated. The data were 
used in order to calculate the mean daily rate of sulphate reduction during 
the 20 day incubation period. In addition these mean rates were expressed 
per g wet sediment and per cm2 of the incubated sediment surface. The 
sulphide production after 20 days was corrected for the initial and 
reference sulphide concentrations. 
Measurements and chemical analyses 
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pH of water and sediment was measured with a combined type EA-152 
electrode, connected to a Methrom Herisau E-488 pH/mV meter. Alkalinity 
was determined by titration of the samples with 0.01 N HCl down to pH 4.2. 
Electric conductivity measurements were carried out by means of a YSI-SCT 
(model 33) conductivity meter. The values were corrected for temperature 
to 180C. The chemical composition of the interstitial water in the sediment 
was measured by means of a sediment-water extract (30 g fresh wet 
sediment and 100 ml twice distilled demmeralized water) which was mixed at 
room temperature during a half hour. Zinc chloride was added to the 
mixture in order to prevent auto-oxidation of sulphides All samples were 
passed through a Whatman GF/C fi lter (1.2 ym) and stored at -20CC until 
analyses were performed. Ammonium and nitrate were determined 
colonmetrically: ammonium with salicylate and hypochlorite (16); nitrate (* 
nitrite) with hydrazine sulphate (13). Atomic Adsorption Spectrofotometry 
was used for the determination of iron and calcium (25). Sulphate 
measurements were carried out by the turbidimetric method using barium 
chloride (30). Based on the measured concentrations and the water content 
of the sediment, interstitial water concentrations were calculated (see Table 
2-2) . Concentrations of free sulphide (H2S, HS , S ) were determined by 
means of a sulphide ion-specific silver electrode type 94-16A (24) and a 
double junction calomel electrode served as a reference Both electrodes 
were connected to a Methrom Herisau E-488 pH/mV meter. Samples of 10 ml 
were taken from the serum bottles and immediately fixed with a sulphide 
anti-oxidant buffer (SAOB), containing sodium hydroxide, sodium EDTA and 
ascorbic acid (24). Reference sulphide concentrations were prepared with 
sodium sulphide m a similar SAOB-solution. In this way sulphide 
concentrations down to 1 pmol.l can be estimated with high accuracy (7). 
Loss on ignition values of the studied sediments (see Table 2) were 
calculated from the weight loss of 10 g dried (24 hrs at lOS'C) sediment 
after 4 hrs heating at 550°C Weight-loss on ignition was taken as a 
measure for the organic matter content of the sediment. 
RESULTS 
The mean amounts of sulphate loss per serum bottle at a given pH is 
shown in Figure 1. Sulphate reduction values m the originally circumneutral 
sandy sediments (Table 2) appeared to be highest at pH 7 and/or 8, being 
70-85 ymol per incubation bottle for sediment 1, 110-120 umol for sediment 
2, and 155-160 umol for sediment 3 (Figure 1A). In sediments 1 and 2 
part icularly, sulphate reduction decreased strongly at pH values below 7. 
When pH was 5 or lower sulphate reduction was only observed in sediment 
3. Figure IB shows the loss of sulphate of the serum bottles m which the 
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Sulphate Reduction (jjmol) 
250 -
200 -
Incubation pH 
Figure 1 . Sulphate reduction in six sediments at different pH. The values 
concern the decrease in sulphate per serum bottle after 20 days. Numbers 
refer to the localities and sediments of Tables 1 and 2. 
A: Three circumneutral mineral sediments from soft waters. B: Three acid, 
more organic sediments from acid waters. 
three acid sediments were incubated. Sulphate reduction development in 
relation to pH was quite distinct from that of the circumneutral sandy 
sediments. The range of pH for, more or less, optimal sulphate reduction 
was 6 to 8. The amounts of sulphate loss per incubation bottle were 165-175 
pmol for sediment 4, 210-230 ymol for sediment 5, and 163-175 vmol for 
sediment 6. In sediment 5 sulphate reduction may even have been higher 
at pH 8, as in the serum bottle all sulphate had disappeared after the 20 
days of incubation. For all other pH incubations, sulphate was still present 
after the incubation period of 20 days. Sulphate reduction values were 
somewhat lower at pH 5 for sediments 5 and 6, whereas it was only little 
higher in the case of sediment 4. At pH values below 5, sulphate reduction 
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strongly decreased for all sediments. The only case where no sulphate 
reduction could be established was the pH 3 incubation of sediment 6. 
The overall differences in the amount of reduced sulphate between the 
sediment types as well as the various pH incubations were statistically 
analyzed with the Wilcoxon-test. The overall sulphate reduction was 
highest in sediments 4 and 5. The differences with the other sediments, 
however, were not significant. Considering the whole group of sediments 
together, the differences in sulphate reduction were significant between the 
incubations of pH 3 and 4 on the one hand, and pH 6, 7 and 8 on the 
other hand (p<0.05). 
Additional information on sulphate reduction characteristics in relation to 
pH is outlined in Table 3. For all sediments the maximum value of the mean 
daily rates of sulphate loss per serum bottle at a given pH (as shown in 
Figures 1 and 2) was expressed per area unit and per weight unit of the 
incubated sediment. 
TABLE 3 
Sulphate reduction characteristics of sediments from six shallow soft water 
lakes as presented in Tables 1 and 2. 
sediment sampling site 
2 3 4 5 
Maximum Sulphate 
Reduction 0.11 0.15 0.21 0.25 0.30 0.22 
(Umol.cm .d )* 
Maximum Sulphate 
Reduction 0.04 0.06 0.08 0.10 0.12 0.09 
(ymol.g .d )** 
pH of maximum 
pH of minimum 
pH-range of 
strongest inhi bition 
β 
6 
7=>6 
7 
6 
7=>6 
7 
5 
6=>5 
5 
3 
5=>4 
8 
3 
5=>4 
7 
4 
5=>4 
* based on the sediment surface **based on the amount of incubated fresh 
wet sediment 
The mean daily sulphate reduction rates were highest in sediment 4, 5 and 
6. In sediment 5 the rate is even three times higher than that in sediment 
1. The corresponding incubation pH values of the maximum sulphate 
reduction are presented in Table 3. It is, however, important to notice that 
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quite similar rates were observed at pH values which are only one pH unit 
higher or lower. From Figure 1 a more or less optimal pH range may be 
deduced in which sulphate reduction reaches its maximum. 
Table 4 summarizes the basic information on the measured increase in free 
sulphide. This amount of produced free sulphide was generally higher at 
increasing pH. In sediment 1 no increase in free sulphide was established at 
all . The originally circumneutral sediments 1 , 2 and 3 showed hardly any 
sulphide production at pH values below 6. In contrast to this, the sulphide 
production in the originally acid sediments 4 , 5 and 6 was still substantially 
at pH 5, and was only inhibited at pH values below 5. 
TABLE 4 
Production of free sulphides* in six sediments at different pH. 
PH 
sediraentnr. 3 4 5 6 7 8 
n.d. 
n.d. 
n.d. 
n.d. 
0.5 
n.d. 
n.d 
n.d 
n.d 
3 
6.5 
2 
n.d 
n.d 
2.5 
11.5 
16.5 
11.5 
n.d 
9 
12 
13 
15 
12 
n. 
12. 
15 
12 
14 
15 
d 
,5 
n.d. 
11 
11 
10.5 
11.5 
12 
* expressed as ymol per serum bottle after 20 days incubation, n .d . is not 
detectable 
The maximum amount of produced sulphide was hardly different between the 
sediments and varied from 12.5 ymol per serum bottle for sediment 2 to 16.5 
Vimol for sediment 5. The variation between sediments and incubation pH 
was generally small considering the detection limit of sulphide. 
The overall differences in the amount of produced free sulphides between 
the sediment types as well as the various pH incubations were statistically 
analyzed with the Wilcoxon-test. The sulphide production of the 
incubations at pH 3 and 4 was significantly (p<0.05) lower if compared to 
the incubations at pH 6, 7 and 8. No overall differences were established 
between the various types of sediment. 
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DISCUSSION 
Sulphate reduction in relation to pH and sediment characteristics 
The results clearly emphasize the potential of shallow soft water sediments 
to reduce significant amounts of sulphate. Additional experiments with 
molybdate as an inhibitor proved that dissimilatory sulphate reduction was 
particularly involved The controlled laboratory conditions (20°C, dark, 
anoxic) were created to provide favourable conditions for active sulphate 
reduction Such sedimentary conditions may be present in the field during 
several periods throughout the year Even when sediments in the field are 
overlain by oxygenated water the oxygen penetration is limited to 
millimeters, thus, the bulk of the sediment core is anoxic and capable of 
supporting sulphate reduction. 
The highest capacity of sulphate reduction was observed in the acid 
aquatic sediments (Figure I B ) . The mean daily rate of sulphate reduction m 
this group of sediments reached up to 0 30 ymol cm , but was only 0 Π 
_2 ymol cm for the circumneutral sandy sediments (Table 3 ) . These values 
correspond fair ly good with those given by Kelly and Rudd (14), who 
measured sulphate losses in enclosures above circumneutral sandy sediments 
-2 -1 varying from 0.10 to 0 36 vmol cm .d . Smith b· Klug (29) reported a 
-2 -1 total sulphate reduction rate of 0 7 umol cm d m a depth profile to 6 cm 
of a hypolimnetic sediment m a hypereutrophic lake. For all studied 
sediments m the present experiment the mean daily sulphate reduction rate 
per g of incubated sediment varied between 0.04 and 0 12 pmol (Table 3). 
Kelly & Rudd (14) performed more or less comparable experiments with 
highly organic sediments The measured sulphate reduction was at least 
1 05 ymol g d at pH 6 3, but the values reached to only 0 44 
ymol g d at pH 4 2 In this case the very high organic carbon content 
of the sediments (24°o C) may explain the difference with the results of the 
present experiment. 
Considering the artificial pH adjustments in the range from 3 to 8, it 
appeared that experimental acidification of the lake sediments resulted m an 
obvious inhibition of sulphate reduction. The cumulative inhibition of 
sulphate reduction at decreasing pH from 8 to 3 (intervals of one pH unit) 
is shown in Figure 2 A clear distinction may be observed between the 
inhibition characteristics of originally circumneutral sandy sediments and 
those of originally acid organic sediments Particularly the f i rst group of 
sediments was very sensitive to acidification as sulphate reduction was 
already completely inhibited when pH decreased from 7 to 5 In the acid 
sediments this inhibition occurred only in the pH traject from 5 to 3. Only 
few other studies considered effects of experimental acidification on sulphate 
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reduction. Kelly & Rudd (14) observed 70 to 80% inhibition of sulphate 
reduction in highly organic epihmnetic sediments when pH was lowered from 
the ambient pH 6.3 to pH 4 .2 . Despite the differences m sedimentary 
conditions, this inhibition trend corresponds remarkably well with the 
results of the present experiment as shown m Figure 2. In manipulated 
terrestrial silt loam soils sulphate reduction activity already rapidly 
decreased to zero at pH values of 6.5 ( 2 ) . 
% — C u m u l a t i v e Inhibition-
100 h 
5 4 3 
Incubation pH 
Figure 2. Cumulative inhibition of sulphate reduction at decreasing pH 
from 8 to 3 in circumneutral mineral sediments ( ) and acid, more 
organic sediments (- - - ) . Numbers refer to the localities and sediments of 
Tables 1 and 2. 
Although acidification appears to be important in decreasing the sulphate 
reduction capacity under controlled conditions, observations in sediments 
with different pH under field conditions are not as comprehensive. In 
experimentally acidified lakes of pH 5, the epihmnetic sulphate reduction 
activity was not different from that of non-acidified lakes with pH 6.8 (14) . 
However, according to Rao & Dutka (26) the number of sulphate reducing 
bacteria in organic sediments of acid-stressed lakes with pH 6 is only half 
of the number present in non acid-stressed lakes with pH 8, suggesting a 
decreased sulphate reduction at lower pH values. Hemond (9) mentioned 
that sulphate reduction still occurs m acid bogs rich in organic matter at 
pH values as low as 3 .8 . 
Despite the direct inhibiting effect of short term experimental acidification 
in all sediments (Figure 2 ) , the sulphate reduction capacity was highest for 
the natural acid sediments (Figure 1 ) . In these sediments there is still a 
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significant capacity to reduce sulphate at pH values as low as 4 or 5, 
whereas at the same pH there is hardly any sulphate reduced m the 
circumneutral sediments. At each incubation pH the capacity to reduce 
sulphate is highest for the acid sediments and the most marked differences 
were present at pH 4, 5 and 6. With respect to the pH incubations which 
correspond with the prevailing pH m the sediment under field conditions, 
the amount of reduced sulphate is quite similar for the two groups of 
sediments (Figure 1; Table 2). A possible reason for the smaller effect of 
short term acidification on sulphate reduction in the acid sediments is that 
the sulphate reducing bacterial population adapted to the lower pH of the 
long term acid sediments in the field. This was also suggested by Kelly t 
Rudd (14). Another explanation concerns the organic matter content of the 
sediments. Sulphate reduction was significantly higher in the sediments with 
the highest organic matter contents (Tables 3 and 4) The amount of 
sulphate was apparently not limiting, whereas the organic material acted as 
an important reductant of sulphate. Indeed, organic material is important 
in determining sulphate reduction processes (8, 21, 31). In the present 
contribution the relatively high organic matter content of the sediments 
which are acid during a long term m the field appeared to be involved in 
counteracting the per se inhibiting effects of low pH values on sulphate 
reduction. 
Sulphide production 
Under the prevailing anoxic conditions, high pH values and high organic 
matter contents appeared to be favourable for a net increase of free 
2-(HjS, HS , S ) sulphides As in the starting situation free sulphides were 
not detectable, this increase may be referred to as production. However, 
the total production of sulphides will have been substantially higher as the 
quantity of free sulphide produced ranged between 3 and 19% of the amount 
of sulphate reduced. This may be attributed to the rapid fixation of 
produced sulphides as FeS (4, 8, 11). If Figure 1 and Table 4 are 
compared, more or less similar trends may be observed between sulphate 
reduction on the one hand and the production of free sulphide on the other 
hand. Experimental acidification reduced the production of free sulphide in 
all sediments The circumneutral sandy sediments particularly were 
sensitive to a reduction of pH. There was no evidence that the enhanced 
solubility of bound sulphides at low pH affected the free sulphide 
production. As sulphate reduction was apparently not restricted by the 
absence of sulphate (see results), the differences m the production of 
sulphide are not determined by sulphate limitation. The overall not 
significant difference of sulphide production between the various sediments 
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indicate that there was no relation with the organic matter content of the 
sediment. This suggests that putrefaction processes were of minor 
importance under the experimental conditions. This suggestion is supported 
by the extremely low concentrations of free sulphides in the reference 
incubations (without addition of sulphate). However, m sediments of 
eutrophic lakes putrefaction of organic material may be significant m 
sulphide production (20 ) . The presented results emphasize that sulphate 
reduction was a major contributor to the production of sulphide. According 
to Jones et a l . (11) sulphide production in profunda! sediments is also 
governed by sulphate reduction. 
General implications 
It is important to notice that short term acidification of aquatic sediments 
at the laboratory yields rather different effects than those of long term 
sediment acidification in the field. In acid sediments, relatively rich m 
organic matter, the sulphate reducing bacterial population seems less 
sensitive to acidification than that in circumneutral mineral sediments. The 
counteracting effect of higher amounts of organic matter in the long term 
acid sediments on the inhibition of sulphate reduction by acidification 
emphasizes the importance of organic matter above pH if no other limiting 
factors are present. Therefore a long term decrease in pH does not only 
determine the rate and potential of sulphate reduction processes 
Moreover, increasing amounts of organic matter reflect a generally observed 
development in the acidification of sediments m soft waters under natural 
conditions. The presented information on the sulphate reduction capacity 
and free sulphide production may be useful to establish the importance of 
atmospherically derived sulphate to play part in the sulphur budget in 
shallow soft water sediments. In addition, the results provide a base to 
account for changes m sulphur compounds in relation to acidification 
processes. 
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ASPECTS OF BIOCHEMICAL SULPHUR CONVERSIONS IN SEDIMENTS OF A 
SHALLOW SOFT WATER LAKE 
J .A .A .R . Schuurkes, A . J . Kempers and C.J. Kok 
ABSTRACT 
Various aspects of sulphur conversions in mineral sandy sediments from a 
shallow soft water lake were examined by means of in vitro experiments. 
The sediments were incubated in serum bottles with addition of sodium 
sulphate solutions. Various treatments were used with special reference to 
parameters linked to the process of water acidification. Quantitative 
aspects of sulphate reduction in the sediment were studied in relation to the 
sulphate content, nitrate and the amount of organic matter. Implications 
are given that the rate of sulphate reduction is limited by organic matter at 
in situ sulphate concentrations. The presence of significant amounts of 
nitrate reduced the sulphate reduction considerably. Sulphate reduction 
caused alkalinization of the ambient medium, supporting the consumption of 
+ 2 mol H -ions per mol sulphate converted. Other experiments revealed that 
the amount of iron present in the sediment was able to fix the major part of 
the sulphide produced by sulphate reduction. In the presence of oxygen 
sulphides were rapidly oxidized, and acidified the incubation medium to pH 
5.6. The importance of the studied aspects of biochemical sulphur 
conversions in the long term acidification process of shallow soft waters is 
discussed. 
INTRODUCTION 
The sulphur cycle in aquatic systems has been extensively described [23, 
39]. The involved processes generally occur at the water-sediment interface 
and are mediated by micro-organisms [25, 35] . Biogeochemical conversions 
of sulphate (sulphate reduction) and underlying factors have particularly 
been studied in marine and brackish environments, and in stratified 
eutrophic lakes [6, 8-10, 13, 19-22, 33, 37] . In most of these systems 
sulphate reduction dominates anaerobic organic matter mineralization [13, 
20, 38]. Little work has been reported for the sulphur cycle and sulphur 
conversions in shallow soft waters. In such systems sulphate reduction 
processes are usually thought to be less important because of the very low 
sulphate concentrations and the absence of an anaerobic hypolymnion. 
However, Kelly t Rudd [15] emphasize the importance of sulphate reduction 
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in epilimnetic sediments overlayed by oxygenated water. In shallow waters 
such sedimentary processes are important in affecting the whole elemental 
cycling of the system, because of the high ratio of sediment surface and 
water volume. A recent paper by Dévai et al [5] includes a review on 
aspects of the sulphur cycle in shallow waters. 
In recent years sulphur compounds have received increased attention 
because of the role of sulphur dioxide and sulphate in the problems of 
acidic precipitation. Particularly soft water lakes with a mineral sandy 
sediment layer are very sensitive to acidification. The f lux and 
biogeochemical conversions of sulphur compounds may affect the acid 
balance of these poorly buffered waters. Sulphate reduction is involved in 
alkalinizing processes which may reduce the acidifying impact of sulphuric 
acid loads [4, 15]. On the other hand, oxidation of sulphides results in a 
production of acid or a decrease in alkalinity [16, 35] . This acidifying 
impact will be absent when sulphides are fixed as iron sulphide or organic 
sulphur. The described sulphur conversions are subsequently important in 
acidification and alkalinization processes in soft waters. 
The experiments presented in this contribution were performed to obtain 
information on qualitative and quantitative aspects of sulphur conversions in 
precipitation-dominated shallow poorly buffered waters. In The Netherlands 
atmospheric deposition of ammonium sulphate is important in the acidification 
of these waters [18, 32] . Water acidification appears to be coupled with 
changes in concentrations of ammonium, nitrate and sulphate in the water 
layer, and accumulation of organic matter in the sediment surface [28]. 
The present contribution focuses on the capacity of various factors which 
control the rate of sulphate reduction in mineral sandy sediments of poorly 
buffered shallow waters. In vitro sulphate reduction experiments have been 
conducted with special reference to sulphate, nitrate, iron and organic 
matter. The production of free sulphides was studied in relation to the 
presence of iron. Additionally, the alkalinizing capacity of sulphate 
reduction and acidifying capacity of sulphide oxidation has been studied. 
In order to obtain information on causal relations, inhibitors of dissimilatory 
sulphate reduction and FeS precipitation were used. 
MATERIALS AND METHODS 
Sediment sampling and experimental set up 
Aquatic sediment was obtained from a slightly eutrophicated, shallow soft 
water lake (Beuven) in the southern part of The Netherlands. Surface 
sediment (0-5 cm) was collected in October 1984 at various sites in the 
lake. Large and rough organic material was removed, the sediment was was 
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rinsed and homogenized with lake water In Table 1 some chemical 
properties of water and interstitial water at the sampling site are 
summarized. 
TABLE 1 
Some chemical and physical characteristics of water and sediment at the 
sediment sampling site. 
pH alk.* S 0 4
2
" N03" NH4
+
 Fe Ca 
water 7.6 0.6 466 1 19 18 353 
i n t e r s t i t i a l water 7.5 - 600 6 120 524 623 
* alk. :alkalinity expressed as meq I ; ions expressed as ymol Γ 
The sediment consisted of fine sand, poor m organic matter (2.0 % 
weight-loss on ignit ion), and contained 9 μιηοΙ total N, 0.2 pmol total P, 13 
pmol total Fe, and 4 ymol total Ca per g dry sediment. The fresh wet 
sediment contained 53 μπιοΙ inorganic С per kg. The organic material added 
to the sediment consisted of dried (24 hrs at 105<'C) and grinded parts of 
the aquatic moss Drepanocladus fluitans. This plant species occurs 
frequently in dense mats in acidic waters. 
The experiments were conducted m glass 500 ml serum bottles. Sulphate 
reduction was studied under controlled conditions during 20 days at 200C m 
the dark. In the serum bottles 100 g air-dried sediment was put and 200 ml 
deoxygenated incubation medium containing 1000 ymol I sodium sulphate 
was added. The various incubation solutions were prepared in 
demmeralized water The incubation mixture was enriched with 1 ml of 
sulphate reduction active sediment slurry to stimulate sulphate reduction 
processes. Then the content of the serum bottle was mixed and flushed 
with nitrogen for 10 minutes m order to create an anaerobic environment. 
This provides favourable conditions for the development of sulphate 
reduction. The bottles were sealed airtight with a butylrubber septum and 
a aluminium screw-cap. Very similar methods were used by several other 
workers [10, 19, 21]. After settlement of the incubation mixture, 1 - 1 . 5 
cm sediment layer was overlayed by 4 - 5 cm of medium. The inner surface 
of the serum bottles was 39 cm 2 . The initial pH of the incubations was 
6 6. During the time of incubation the bottles were regularly shaken. At 
the end of the experiment samples of the incubation solutions were taken to 
be analyzed The change in sulphate concentration between the ultimate 
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and initial conditions was used to calculate the amount of reduced sulphate. 
In the initial situation free sulphide was hardly detectable. Therefore, the 
quantity of free sulphide present at the end of the experiments was taken 
to be the increase in the amount of free sulphide during the time of 
incubation. For all incubations two replicates were used. The differences 
between the data of the duplicate incubations amounted up to 10%. The 
presented data concern mean values. 
Experiments 
Experiment 1: effects of sulphate and organic matter. 
This experiment was conducted to study whether in vi tro sulphate 
reduction was limited by organic matter or sulphate availability. Initial 
sulphate concentrations of the incubation medium in the serum bottles were 
500, 1000, 2500 and 5000 ymol f 1 , whereas before incubation 0, 1 and 2 g 
dried and grinded organic matter was added to 100 g sediment. These 
variations resulted in 12 incubations with variations in sulphate 
concentration and organic matter content. At the same time two replicate 
reference incubations, without sulphate, were incubated. The decrease in 
sulphate concentration was corrected for the reference incubations, in which 
no sulphate was added to the serum bottles. 
Experiment 2: effect of nitrate. 
In the second experiment the effect of the presence of nitrate on sulphate 
reduction was investigated. The 100 g of air-dried sediment in the serum 
bottles was enriched with 1 g of dried and grinded organic material before 
incubation. The 200 ml incubation medium initially contained 1000 ymol.l 
sodium sulphate and 1000 ymol I sodium nitrate. Totally 20 bottles were 
used which were incubated anaerobically. Each two days two bottles were 
taken to be analyzed. In this way the time trends of both sulphate and 
nitrate during 10 days were determined. A similar incubation series, without 
nitrate, served as a reference 
Experiment 3: sulphate reduction and acid neutralization. 
In order to establish the acid neutralization by sulphate reduction 
processes two incubations were used. For both incubations the serum 
bottles contained 100 g air-dried sediment enriched with 1 g dried and 
grinded organic matter and 200 ml medium containing 1000 ymol.l sodium 
sulphate. In order to exclude sulphate reduction 5 mmol.I sodium 
molybdate was used. This incubation served as a reference. After the 
incubation period, pH and total inorganic carbon were measured and 
compared with the initial situation. The differences in the amount of H and 
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HCOg /CO, were calculated and expressed as the change m acid 
concentration 
Experiment 4 iron and sulphide production 
The effects of iron on the presence of free sulphides was studied by 
means of three incubations containing 1000 umol I sodium sulphate and 0, 
200 and 500 vimol I i ron ( l l l ) chloride, respectively As in experiments 2 
and 3, the 100 g air-dried sediment was enriched with 1 g dried and 
grinded organic matter 
In addition, the importance of iron m precipitation processes of sulphides 
was studied by using sodium EDTA Two incubations were prepared with 
200 ml medium containing 1000 ymol I sodium sulphate and 200 ymol I 
i ron( l l l ) chloride, and in one of them the medium was initially enriched with 
5 g I sodium EDTA 
Experiment 5 sulphide oxidation and acidification. 
The capacity of sulphide oxidation to acidify water and sediment was 
studied by oxygenating the sediment-medium mixture in serum bottles, in 
which sulphate reduction had occurred during 20 days anaerobic 
pre-mcubation These pre-mcubations initially contained 100 g of air-dried 
sediment enriched with 1 g organic matter, together with 200 ml of 1000 
umol I sodium sulphate solution A similar incubation also containing 
iron( 11 l)chloride (200 ymol I ) served as a reference In this situation it 
was expected that no free sulphides were present after the 20 days of 
pre-mcubation (see experiment 4) Each day oxygen was gently flushed 
through the sediment-medium mixture during 10 minutes pH of the 
incubation solution was measured daily during a 10-day period 
Analytical procedures 
The collected sediment was air-dried at room temperature during one 
night Interstitial water composition was determined by means of a 
sediment-water extract (30 g fresh wet sediment and 100 ml twice distilled 
deminerahzed water) which was mixed at room temperature during th i r ty 
minutes Before centrifugmg (5000 rpm during 5 minutes), zinc chloride 
was added to the supernatant m order to precipitate the remaining free 
sulphides All samples were passed through a Whatman GF/C fi lter (1 2 ym) 
and stored at -20°C until analysis Interstitial water concentrations were 
calculated based on the measured concentrations and the water content of 
the sediment Total sedimentary composition was determined by digesting 
homogenized dried sediment with sulphuric acid and perchloric acid under 
high pressure [28] Loss on ignition value of the sediment, a measure for 
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the organic matter content, was calculated from the weight loss of 10 g 
dried (24 hrs at 1050C) sediment after 4 hrs heating at SSO'C. 
pH of water and the sediment-water extract was measured with a combined 
type EA-152 electrode, connected to a Methrom Herisau E-488 pH/mV meter. 
Alkalinity was determined by titration of the samples with 0.01 N HCl down 
to pH 4.2. Total inorganic carbon ( T . I . C . ) was determined by means of 
infrared carbon dioxide analysis after adding 1 M phosphoric acid to small 
subsamples. Oceanography International equipment and a Honba PIR-2000 
analyzmg-umt were used. The fractions of bicarbonate and carbonate were 
calculated according to Stumm and Morgan [35]. 
Ammonium and nitrate were determined colonmetrically: ammonium with 
salicylate and hypochlorite [17], nitrate ( + nitr ite) with hydrazine sulphate 
[14] Atomic Adsorption Spectrophotometry was used for the determination 
of iron and calcium [26]. 
Sulphate measurements were carried out by the turbidimetric method using 
barium chloride [36]. Sulphide concentrations were determined by means of 
a sulphide ion-specific silver electrode type 94-16A [24] and a double 
junction calomel electrode served as a reference. Both electrodes were 
connected to a Methrom Herisau E-488 pH/mV meter. Samples of 10 ml were 
taken from the serum bottles and immediately fixed with a Sulphide 
Anti-Oxidant Buffer (SAOB), containing sodium hydroxide, sodium EDTA 
and ascorbic acid [24]. Reference sulphide solutions were prepared with 
sodium sulphide in a similar background SAOB-solution. In this way 
sulphide concentrations down to 1 pmol.l can be estimated with high 
accuracy [ 7 ] . 
RESULTS 
Experiment 1 
The effects of increased sulphate concentrations and organic matter 
enrichments on the amount of reduced sulphate in the incubations after 20 
days of incubation are presented in Fig. 1. When no organic matter was 
added to the sediments, increased sulphate concentrations did not affect 
sulphate reduction, which varied between 110 and 120 μπιοΙ per incubation 
bottle for the different incubations Enrichment with 1 g of organic matter 
stimulated sulphate reduction up to values of 190-220 ymol per incubation 
bottle at concentrations of 1000, 2500 and 5000 y m o l . f 1 sulphate. At 500 
timol.l sulphate, addition of 1 or 2 g organic matter did not affect 
sulphate reduction. Enrichment of the sediment with 2 g organic matter 
increased sulphate reduction up to 290 ymol per incubation bottle at 
sulphate concentrations as high as 5000 vmol.l . The most obvious effects 
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of o r g a n i c matter addi t ions were observed at su lphate concentrat ions of 2500 
and 5000 v m o l . l " 1 . 
SO;2" reduction (ymol) 
300 
200 
100 
0 
0 500 1000 2500 5000 
Sulphate ( p M | 
F i g u r e 1. Sulphate r e d u c t i o n , expressed as the decrease in the amount of 
su lphate per incubat ion b o t t l e a f t e r 20 days of i n c u b a t i o n , m 100 g f i n e 
sandy sediment w i t h d i f f e r e n t addit ions of organic matter at var ious 
su lphate concentrat ions of the incubat ion solut ion (exper iment 1 ) . 
Experiment 2 
The e f f e c t of the presence of n i t r a t e on sulphate reduct ion is presented 
in F i g . 2. When no n i t r a t e was a d d e d , the amount of sulphate present in 
th e serum bott le decreased cont inuous ly a l ready a f t e r 4 days to almost zero 
a f t e r 20 d a y s . If the incubat ion solution i n i t i a l l y contained 1000 μπηοΙ.Ι 
n i t r a t e , sulphate decreased only af ter 10 d a y s . However, d u r i n g the f i r s t 
10 days t h e r e was a cont inuous decrease in t h e amount of n i t r a t e i n d i c a t i n g 
t h e process of d e m t n f i c a t i o n . If the amount of n i t r a t e present in t h e 
incubat ion bott les was more than 50 ymol ( c o r r e s p o n d i n g w i t h ca 250 
Vimol.l incubat ion s o l u t i o n ) , no sulphate r e d u c t i o n was o b s e r v e d . When 
t h e amount of n i t r a t e was below th is level , the time t r e n d of sulphate 
r e d u c t i o n was similar to t h a t of the n i t r a t e - f r e e i n c u b a t i o n . The incubat ion 
i n i t i a l l y conta in ing n i t r a t e caused a sulphate r e d u c t i o n of 80 vmol per 
incubat ion bott le su lphate d u r i n g t h e per iod when n i t r a t e was present ( a f t e r 
16 d a y s ) . D u r i n g t h e same p e r i o d , the amount of reduced sulphate in t h e 
incubat ion w i t h o u t n i t r a t e was 185 ymol per incubat ion ( F i g . 2 ) . 
org matter added о 2 g 
о 1 g 
• none 
' 
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Figure 2. Time trends of the amount of sulphate and nitrate present in 
incubation bottles with and without initial addition of nitrate to the 
incubation solution (experiment 2 ) . 
Experiment 3 
Table 2 illustrates the capacity of sulphate reduction to neutralize or 
consume hydrogen-ions. After 20 days the anaerobic incubation with 
sulphate caused a slight increase in pH and alkalinity, measured as total 
inorganic carbon. The observed sulphate reduction of 185 ymol per 
incubation bottle was coupled to an acid neutralization of 380 ymol. In the 
presence of sodium molybdate, which inhibits dissimilatory sulphate 
reduction, the amount of sulphate reduced was only 4 ymol per incubation 
bottle. In this case the acid production was only 20 ymol. This implicates 
that dissimilatory sulphate reduction is responsible for the loss of sulphate 
in the incubation experiments. Moreover, it is unlikely that other anaerobic 
processes occurring under the experimental conditions are involved in the 
measured acid neutralization. Correction of the data for the reference 
treatment resulted in 400 ymol H neutralized per 181 ymol of sulphate 
reduced. 
Experiment Ц 
The effect of iron chloride on the amount of free sulphide and reduced 
sulphate after 20 days incubation is presented in Table 3. Sulphate 
reduction varied between 180 and 190 ymol per incubation bottle, but did 
not differ between the various additions of i ron. Free sulphide (12.5 ymol) 
was only established when no iron chloride was added. This is about 7% of 
the total amount of sulphate reduced. No free sulphide was present in the 
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T A B L E 2 
Sulphate reduct ion and acid neutral izat ion in serum bott les contain ing 100 g 
sediment a f t e r 20 days of incubat ion w i t h ( + ) and w i t h o u t (-) addit ion of 
sodium molybdate to the incubat ion solution (exper iment 3 ) . 
Holybdate Sulphate reduction Acid neutralization 
(5 ramol.l ) (yraol) (μιποί) 
IBS 380 
4 -20 
T A B L E 3 
Sulphate reduct ion and increase in free sulphide in serum bottles conta in ing 
100 g sediment a f t e r 20 days of incubation w i t h d i f f e r e n t i r o n ( l I O c h l o n d e 
concentrat ions in the incubat ion solution (exper iment 4 ) . 
Iron chloride 
(pmol.I'1) 
0 
200 
500 
Sulphate reduci 
(μπιοί) 
180 
190 
180 
ion Free sulphide 
(vmol) 
12.5 
0 
0 
incubat ions enr iched w i t h i ron c h l o r i d e . Precip i tat ion of iron sulphides 
seemed to be involved This is elucidated in the exper iment , where EDTA is 
used as a hgand f o r i ron (Table 4 ) . In the presence of EDTA the amount 
of f r e e su lph ide p r e s e n t a f t e r 20 days of incubat ion is 13 vmol p e r 
incubat ion b o t t l e . Without EDTA sulphides were not detectable. I t is 
remarkable t h a t in the presence of EDTA the amount of sulphate reduct ion 
was decreased from 160 to 50 vmol per incubat ion b o t t l e (Table 4 ) . 
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Experiment 5 
Flushing oxygen through the sediment-medium mixture of anaerobic 
pre-incubations with and without iron resulted in different pH 
developments. Figure 3 illustrates that acidification occurred from pH 7.5 
down to pH 5.6 in the incubation bottles with no addition of iron chloride. 
TABLE 4 
The effects of sodium EDTA on the increase of free sulphide and on 
sulphate reduction after 20 days of incubation in serum bottles containing 
100 g sediment. The incubation solution contained 200 μπιοΙ.Γ 
iron(l l l )chlor ide (experiment 4 ) . 
sodium EDTA 
(S g . l " 1 ) 
Free sulphide 
(limol) 
13 
0 
Sulphate reduction 
(limol) 
50 
160 
90 
an 
70 
60 
и 
• 
-
; 
• 0 \ \ \ \ 
4 
1 1 
о 
• 
, 
о 
• 
i 
— · 
Figure 3. 
with ( · ) 
5 ) . The 
SAS [31] 
Oiyi 
pH development of the medium in oxygenated sediment incubations 
and without (o) the initial presence of free sulphide (experiment 
trend lines are drawn using the cubic spline method (SM=60%) of 
Already after two days pH had decreased to values below 6. As after 
pre-incubation free sulphide was present (see experiment 4 ) , sulphide 
oxidation is involved in the observed acidification. In the reference 
incubation, in which no sulphide was present after pre-incubation 
(experiment 4 ) , pH slightly increased from 7.5 to 8 . 5 . 
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DISCUSSION AND CONCLUSIONS 
In vitro experiments 
In most sulphate reduction studies both sulphate and organic matter are 
taken as the two most important environmental parameters which control the 
rate of sulphate reduction. However, the quantitative and qualitative 
information given by various workers varies and depends on particular 
characteristics of the type of sediment studied. Nevertheless, some general 
remarks can be made In hypolimnetic eutrophic freshwater sediments, 
characterized by a high organic matter content and a relative low sulphate 
concentration, sulphate is mainly rate limiting for sulphate reduction [2, 10, 
15, 20] In these sediments organic matter is generally in excess and 
sulphate reduction is related to the concentration of sulphate m the 
overlying water. This is in contrast to most studies on marine systems, 
where sulphate concentrations are about 1000 times higher and sulphate 
reduction is limited by the amount and reactivity of organic carbon [8, 13, 
21, 38]. However, in coastal sediments rich in organic matter, sulphate 
reduction is limited by the diffusion of sulphate into the sediment [ 9 ] . In 
experiment 1 of the present study, addition of 1 or 2 g organic matter to 
samples of anaerobic mineral freshwater sediment, did not stimulate sulphate 
reduction at ambient sulphate concentrations of 500 ymol.l (see Fig. 1 and 
Table 1). This may be ascribed to limitation by sulphate as m this situation 
the amount of reduced sulphate approximated the total amount present m 
the incubation bottle On the other hand, the rate of bacterial sulphate 
reduction m the original sediment (2 0 % weight-loss on ignition) was not 
sulphate limited at sulphate concentrations greater than 500 ymol.l Only 
at sulphate concentrations higher than 1000 pmol. Γ , sulphate reduction was 
obviously limited by the availability of organic matter. Limitation by 
sulphate was only evident when the amount of organic matter in the 
sediment was increased with 2 g (Fig. 1) Apparently the rate of sulphate 
reduction in the anaerobic sediment is limited by both sulphate and organic 
matter m the studied ranges. These observations suggest that limitation 
effects probably occur below 500 pmol I sulphate and/or 2% weight-loss on 
ignition. Similar conclusions were drawn by Ingvorsen et al. [10] These 
authors suggested that organic rich lake sediments were not sulphate limited 
at concentrations above 100 ymol I . The production and sedimentation of 
organic carbon is an important factor m determining the m situ rate of 
sulphate reduction in marine environments [8, 38]. There is some evidence 
that this is the case for the typical sediments, almost devoid of organic 
matter, in originally poorly buffered and oligotrophic shallow waters. The 
presented data indicate that under natural conditions of mineral sandy soft 
-88-
water sediments, in which sulphate concentrations are ca 500 vmol.l and 
the amount of organic matter is less than 2%, the sulphate reduction 
capacity is not enhanced as long as the quantity of organic matter does not 
increase. Kelly & Rudd [15] also conclude that in in soft water lakes with 
a very low productivity the organic supply could be a major factor in 
determining rates of sulphate reduction. Nevertheless, it may be useful to 
obtain additional information on limitation effects by means of in situ 
sulphate reduction experiments. 
Apart from sulphate and organic matter other factors may also control 
sulphate reduction. In soft waters pH may be of particular importance [15, 
2 7 ] . In contrast to eutrophicated hard water lakes, the pH of these waters 
and sediments is generally around 7 or lower [18 ] . Previous laboratory 
studies concerning pH-effects have revealed that for the type of sediment 
studied, sulphate reduction is optimal at the prevailing conditions of pH 7 if 
no other factors are limiting. This may be due to the adaptation of the 
bacterial population to the ambient pH, as also suggested by Kelly & Rudd 
[15 ] . The prevailing pH in the experiments (6 .6) approximated the pH of 
water and sediment in the f ie ld, which is just above 7 (Table 1 ) . 
Therefore, it is unlikely that pH has adversely affected sulphate reduction 
in the performed experiments. 
Another factor which is involved in anaerobic bacterial activities in 
aquatic sediments is nitrate. Denitrifying bacteria utilize nitrate as electron 
acceptor for the anaerobic breakdown of organic matter. As the metabolic 
process of nitrate reduction yields more energy than sulphate reduction, it 
plays a competative role in the anaerobic degradation of organic substances 
[11 , 34, 3 5 ] . The effect of the presence of nitrate on sulphate reduction 
was elucidated by experiment 2 (see Fig. 2 ) . In the studied type of 
sediment sulphate reduction was of no importance when denitrification (or 
an other nitrate utilizing process) occurred. Any photo-autotrophic nitrate 
uptake will be absent in the prevailing dark conditions. In the presented in 
vitro experiments the sulphate reduction capacity was reduced to 43 %. 
The observed inhibition may be caused by the prevailing redox conditions 
resulting from the denitrification oxido-reduction reaction. This redox 
condition is maintained at values of •ISO mV, which does not allow any 
significant sulphate reduction [11 , 3 5 ] . When the process of denitrification 
becomes limited by the low amount of nitrate, sulphate reduction rapidly 
takes over anaerobic respiration. This development is pointed out in Fig. 2. 
Similar observations have been reported by Sorensen [34] in marine slurry 
sediments. Under natural conditions nitrate may be important in affecting 
the rate of sulphate reduction in the upper sediment layer when there is a 
supply of nitrate to the sediment-water interface. However, this is only of 
importance if the availability of organic carbon is low. Investigations in 
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lakes receiving inputs of both nitric and sulphuric acids indicate a similar 
phenomenon. In the upper sediment layer with low organic С levels (0.5 -
1.2%) a low sulphate reduction rate was accompanied by rapid demtrification 
rates [30]. Surface waters may receive significant inputs of nitrate via 
groundwater and surface run-off in the vicinity of intensive agricultural 
activities, or via precipitation. 
+ 
The role of biochemical sulphate reduction m alkalinization or H 
consumption processes is well-known in aquatic chemistry [35]. 
Microbiological support for this phenomenon was given by Abd-el-Malek Ь 
Rizk [ 1 ] , who found that in liquid cultures of sulphate reducing bacteria 
the alkalinity formed was quantitatively related to the sulphate reduced. 
Incubation experiments lead to similar results [ 2 ] . From the ecological point 
of view, most attention has been paid to sulphate reduction m aquatic 
sediments Based on the results of experiment 3 (Table 2), the net ratio 
of the amounts of acid consumption and sulphate reduction in the mineral 
sandy sediment was 400 181. This approximates the ratio in the chemical 
+ 
equation of the redox reaction for sulphate reduction, where 2 mol H -ions 
are consumed per mol sulphate converted. In the presented experiment the 
alkalinization or acid neutralization could be ful ly ascribed to sulphate 
reduction, as the molybdate treatment totally inhibited sulphate reduction. 
A complete inhibition of sulphate reduction by molybdate has been reported 
m several studies on marine and freshwater sediments [6, 19, 22, 33, 34]. 
The alkalinizmg effect of sulphate reduction, however, will only be 
noticeable if any endproduct is fixed or remains in a reduced form, such as 
FeS or orgamc-S [29] In this way oxidation of free or soluble sulphides, 
which may acidify the environment, will certainly be suppressed The 
anaerobic experimental conditions did not allow for any oxidation of 
sulphides. 
The results of experiment 4 clarify some qualitative and semi-quantitative 
aspects of the interactions between sulphide, iron and sulphate reduction. 
In the standard incubations, without addition of iron, 12.5 μιτιοΙ free 
sulphide was produced after 20 days (table 3 ) . This sulphide might result 
from sulphate reduction and/or putrefaction of organic S [12, 23]. In the 
presented experiment the role of microbial putrefaction was negligible as in 
the reference treatments (without sulphate), the concentrations of free 
sulphides were below the detection limit. The studied sediment appeared to 
fix the major part (930o) of sulphide produced by sulphate reduction. The 
additions of iron chloride ful ly suppressed the presence of free sulphide 
(Table 3 ) . The use of iron chloride may affect sulphate reduction as the 3+ 
reduction of Fe (serving as electron acceptor m metabolic processes in 
1* sediments) to Fe yields more energy than sulphate reduction [11, 34, 35]. 
However, according to the data of Table 3 the presence of iron chloride did 
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not influence the amount of sulphate reduced under the prevailing 
experimental conditions. Therefore, the absence of free sulphides can only 
be explained by the formation of FeS compounds. Moreover, this is 
supported by an experiment with and without addition of EDTA (Table 4) . 
In this case 13 ymol free sulphide was measured when the added iron was 
bound by EDTA If the inhibiting effect of EDTA on sulphate reduction 
(also mentioned by Postgate [25]) is taken into account, the relative 
increase in free sulphide is even higher. Several other studies also 
emphasized the role of iron m precipitation of sulphides in aquatic 
sediments by the formation of FeS compounds [8, 12, 29]. The iron 
content of the studied sediments was sufficient to limit the production of 
significant amounts of free sulphide. 
In sediments which become oxygenated after a period of anaerobic 
sulphate reduction, the produced sulphides may become oxidized. The 
latter process results in a decrease in alkalinity [35]. The potential of this 
phenomenon to affect the environment was studied m experiment 5. 
Acidification of water and sediment only occurred when oxygen was 
abundantly supplied m the presence of free sulphides (Fig. 3) . Both 
physical and biological oxidation may have been involved in the observed 
development. These results, however, do not allow to quantify more detailed 
relations between sulphide oxidation and acidification. Under natural 
conditions this oxidation of free or fixed sulphides causing acidification is 
important when the sediment-water interface becomes fully oxygenated. 
Kelly & Rudd [15] suggest that re-oxidation also occurs by diffusion of 
dissolved sulphide from the sediment to oxygenated water In situ studies 
on periodically flooded coastal plain soils and on acid moorland pools in 
times of drought have revealed time trends on chemistry which indicate that 
also fixed sulphides (FeS or orgamc-S) are able to acidify water and 
sediment [3, 37] . 
Cenerai implications 
The m vitro experiments have emphasized the importance of the studied 
parameters to affect (dissimilatory) sulphate reduction m mineral sandy 
sediments of a shallow soft water lake. Under natural circumstances, 
however, the conditions are not always favourable to allow for a 
considerable sulphate reduction Nevertheless, there is some evidence that 
the various parameters which were studied have influenced the acidification 
process of many shallow soft water lakes. Despite the potential of sulphate 
reduction to consume H -ions, the major part of the Dutch soft waters m 
which the sediment consisted of mineral fine sand acidified during the last 
decades [18]. This implicates that the in situ sulphate reduction, 
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producing alkalinity, has been insufficient to counteract the acidification 
process resulting from atmospheric deposition of acid, nitrogen and 
sulphur. As indicated by the experiments conducted, sulphate reduction 
may have been limited by the low organic matter content of the mineral 
sandy sediment. On the other hand, the rate of in situ sulphate reduction 
in the upper sediment layer may also be inhibited by the presence of 
nitrate as most of the susceptible waters situated m agricultural regions are 
exposed to a regular supply of nitrate via atmospheric deposition of 
nitrogen Moreover, according to Roelofs [28] the upper few cm of the 
mineral fine sandy sediment exhibit a circumneutral redox potential under 
field conditions Such conditions do not allow that considerable amounts of 
sulphate are reduced [11, 35]. In acidifying soft waters accumulation of 
the sediments with organic matter is a common phenomenon. Whether 
sulphate concentration or the availability of organic carbon may become 
limiting factors under these acidic conditions has not yet been elucidated. 
Apart from the potential of the studied sediment to reduce sulphate, it is 
also capable to fix significant amounts of sulphide The m situ sulphide 
fixation is probably not limited by iron. However, when not all produced 
+ 
sulphides are f ixed, oxidation processes reduce the H -ion consumption by 
sulphate reduction Particularly the shallow lakes with fluctuating water 
levels, relatively rich in oxygen, per sé provide favourable conditions for 
sulphide oxidation Nevertheless, the significance of this acidifying process 
will probably be of minor importance in the long term acidification process 
of soft waters as sulphate reduction is relatively low m the mineral sandy 
sediments 
In the near future it is necessary to obtain information on the balance 
between sulphate reduction and sulphide oxidation under natural conditions 
by means of in situ experiments. Moreover, it is recommended to study 
sulphur conversions and their effects on water quality m recently acidified 
waters, where organic matter has accumulated in the sediment. The results 
of such experiments will provide a base for a better understanding of the 
processes determining the rate of acidification and recovery of shallow fresh 
water lakes 
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ABSTRACT 
Schuurkes, J.A.A.R., Eibers, M.A., Gudden, J.J.F. and Roelofs, J.G.M., 1987. Effects of simulated 
ammonium sulphate and sulphuric acid rain on acidification, water quality and flora of small-
scale soft water systems. Aquat. Bot, 28:199-226. 
In a greenhouse, seven identical small-scale ecosystems, simulating hydrologically isolated len-
tie soft waters, were exposed to different artificial rain solutions during a 2-year period. Two major 
types of rain were used, one being sulphuric acid rain (pH 5.6-3.5 ) containing nitrate, the other 
being rain (pH 5.6) containing ammonium sulphate. The treatments with ammonium sulphate, 
particularly, caused remarkable changes in water quality and flora. pH decreased down to 3.5, 
whereas both ammonium and sulphate accumulated. Nitrification of ammonium appeared to be 
the dominant acidifying process. Concentrations of Ca, Mg, Fe, Mn, Al, Cd and Zn increased as a 
result of acidification. In the acidified systems exposed to a high deposition of ammonium sul-
phate, typical soft water plants, such as Littorella uniflora (L. ) Aschers., disappeared and a lux-
uriant growth of both Sphagnum cuspidatum Ehrh. ex Hoffm. and Juncus bulbosas L. occurred. 
The microflora community also altered remarkably, with the filamentous green algae, Oedogo-
nium spp. and Mougeotia spp., becoming dominant. 
Implications for the quantitative importance of airborne ammonium-induced acidification and 
eutrophication of surface waters in The Netherlands are given. It is suggested that for the survival 
of the biocoenoses of oligotrophic soft waters, total inputs of acid and ammonium-nitrogen should 
not exceed 250 and 1380 mol ha " ' year ', respectively. It is emphasized that internationally, more 
attention should be focused on the role of atmospheric ammonium deposition in the acidifícation 
problem. 
INTRODUCTION 
Acidification of soft water systems by deposition of atmospheric pollutants 
has become a problem in many parts of the world. In northern U.S.A., Canada, 
Western Europe and the Scandinavian countries particularly the effects on 
aquatic organisms and water chemistry, based on long-term observations, are 
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well documented (Drables and Tollan, 1980; Overrein et al., 1981; Haines, 
1981; Johnson, 1982; Anonymous, 1983,1984,1985). In The Netherlands, aci-
dification of soft waters has also become a growing environmental problem. 
Particularly the shallow, lentie waters situated on the higher pleistocene soils 
in the middle, eastern and southern parts of the country have become acidified 
recently. During the last few decades, acidification has been observed in at 
least 59% of these waters (Leuven et al., 1986; Schuurkes and Leuven, 1986). 
In recent years, more attention has been paid to experimental studies in 
which natural water bodies and semi-natural aquatic systems are artificially 
acidified (Ravera, 1986). Since acidification of lakes is usually regarded as 
resulting from inputs of strong acids, most experimental approaches concern 
addition of sulphuric and/or nitric acid. However, other pollutants may also 
be important with respect to the acidifying potential of atmospheric deposi-
tion. Airborne ammonium compounds, particularly, have rather been neglected 
so far. Although ammonium is a recognized component of acid precipitation, 
it is usually regarded as a neutral compound, often bound to sulphate. It is 
remarkable that only very little has been documented about the importance of 
ammonium as an acidifying source. Nevertheless, acidification of water fertil-
ized with ammonium compounds has been known for some time ( Goldman 
and Brewer, 1980; Schindler et al., 1985). Effluent water containing ammo-
nium sulphate may also acidify receiving surface waters due to oxidation pro-
cesses (Mosello and Tartari, 1983). On strongly fertilized soils, nitrification 
of ammonium supplies 65-80% of the hydrogen ion input (Anonymous, 1983). 
In The Netherlands, most acidified and ammonium-enriched waters are sit-
uated in areas where high atmospheric gaseous NH3 concentrations are pres-
ent. In those areas, ammonium sulphate is an important constituent of 
precipitation and the pH of rain is relatively high (Schuurkes, 1986a). These 
observations give indications about the possible role of atmospheric deposition 
containing ammonium sulphate in the acidification of lentie surface waters. 
Recently, the importance of airborne ammonium deposits in the acidification 
of susceptible natural environments has been described by van Breemen et al. 
(1982), Galloway and Dillon (1984), Nihlgàrd (1985), Roelofs et al. (1985), 
Schindleretal. (1985), Roelofs (1986) and Schuurkes (1986a,b). In the latter 
two papers some preliminary results of the experiments described in this paper 
have already been outlined. 
In the present paper, both sulphuric acid and ammonium sulphate, two 
important constituents of atmospheric deposition, are used to study acidifying 
processes and their effects on water quality, macrophytes and microflora of 
small-scale soft water systems. Attention is focused on chemical transforma-
tions which underly the acidification potential of these types of atmospheric 
deposition. Emphasis is laid on dose-effect relationships between deposition 
of acid, sulphate and ammonium on the one hand, and acidification, water 
quality and flora on the other hand. The results give insight into causal rela-
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tionships and are of importance with respect to the establishment of limit val­
ues for atmospheric deposition of acid, nitrogen and sulphur. 
MATERIAL AND METHODS 
Experimental setup 
The experiment was conducted in a greenhouse which served as a shelter for 
deposition of ambient atmospheric pollutants. As a consequence, background 
levels of atmospheric input of acid, sulphur and nitrogen were negligible. Inside 
the greenhouse, light and temperature conditions ( Fig. 1 ) were kept similar to 
those of the outdoor situation. Seven identical small-scale aquatic systems, 
comparable to ponds, were created in black PEC containers (1.4 X 1.3 χ 0.6 m ). 
The sediment was obtained from a rather undisturbed small soft water system 
(pH 6.8; alkalinity 0.7 meq I - 1 ) and consisted of fine mineral sand (loss on 
ignition 0.3%), poor in carbonate and nutrients (total inorganic carbon 40 
μιηοΐ kg - 1 ; N 8 mmol kg - 1 ; Ρ not detectable; К 18 mmol kg"1; Ca 5 mmol 
kg - 1; Mg 17 mmol kg - 1 ; Fe 25 mmol kg - 1 ; Na 10 mmol kg" 1 dry sediment). 
During wintertime, several macrophyte species were introduced in all systems; 
from oligotrophic soft waters: Littorella uniflora ( L. ) Aschers.; Luronium natans 
(L.) Raf.; Pilularia globulifera L. and from acidified waters: Juncus bulbosus 
L.; Agrostis canina L.; Sphagnum spp. Along the shore, the amphibian form of 
Agrostis canina was planted together with Littorella uniflora and Juncus bul­
bosus. For these species, the initial shore biomass was similar to the submerged 
biomass. In each of the seven systems, the initial quantity of plant material 
put in was similar. In this way, seven identical artificial mini-ecosystems were 
created, simulating shallow, hydrologically isolated, lentie soft waters (see 
Fig. 2). 
From November 1983 to September 1985, each of the systems was exposed 
to a different synthetic rain solution, as shown in Table I. The deposition of 
acid, nitrogen and sulphur is given in Table II. Two staged deposition gradients 
were created, based on differences in pH, sulphate and ammonium. One gra­
dient was formed by Treatments 1, 2, 3 and 4, being a sulphuric acid- and 
nitrate-containing pH gradient. The other consisted of Treatments 1,5,6 and 
7 and represented a slightly acidic (pH 5.6) ammonium sulphate gradient. 
Treatment 1 simulated unpolluted rain (pH 5.6) and served as a control. The 
rain treatments of Systems 3-6 reflect realistic deposition data for acid, nitro­
gen and sulphur in The Netherlands. For all applications, concentrations of 
other chemical constituents were similar to that of wet deposition in The Neth­
erlands. The solutions were prepared by adding chemicals to demineralized 
water and were applied to the systems using a watering can and a spray-gun. 
A quarter of the total amount was added via a PVC tube ( see Fig. 2 ). During 
the experiment, the quantity of applied rain varied, depending on outdoor 
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Fig. 1. Temperature and light intensity inside the greenhouse. 
Fig. 2. A survey of the experimental setup in the greenhouse. 
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TABLE I 
pH and chemical composition (μχηοΐ 1 ' ) of the synthetic rain solutions 
Solu­
tion 
1 
2 
3 
4 
5 
6 
7 
pH 
5.6 
5.0 
4.25 
3.5 
5.6 
5.6 
5.6 
H* 
2 
10 
50 
320 
2 
2 
2 
NH; 
15 
15 
15 
15 
265 
510 
1585 
soi­
ls 
15 
55 
210 
160 
300 
785 
N03-
20 
45 
45 
45 
2 
2 
2 
K* 
10 
10 
15 
25 
10 
10 
15 
Ca2* 
10 
10 
10 
10 
10 
10 
10 
Mg** 
25 
20 
30 
40 
25 
25 
25 
Na+ 
55 
60 
85 
105 
60 
60 
60 
ci-
60 
50 
55 
55 
75 
70 
75 
Fe2+ 
0.6 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
POJ-
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
weather conditions. The water level of the systems was kept high in winter, 
spring and early summer. During summer and autumn, it was relatively low. 
The total amount of added rain corresponded to 500 mm on a yearly base. 
Measurements, sampling, analyses and statistics 
Inside the greenhouse, both the temperature and irradiance were registered 
continuously ( Fig. 1 ). The temperature pathway is based on the daily maxi­
mum and minimum levels. Irradiance was estimated by means of a Li-cor 190 
SB quantum sensor combined with a Li-Cor Li 550 В integrator. Integrated 
24-h values were used to determine light intensity. 
Water samples of the pools were taken monthly. Part of the sample was 
passed through a Whatman GF/C filter (1.2 /mi), fixed with a few drops of 
HgCl2 solution (200 mg I - 1 ) and stored at -27°С until analysis. Alkalinity 
was determined by titration of 100 ml unfiltered water with 0.01 N HCl down 
to pH 4.2. pH was measured weekly with a Metrohm Herisau E-488 pH meter 
and a combined E A 152 pH electrode. 
In order to determine the chemical composition of the sediment, two repli­
cates of homogenized dried sediment were digested during 4 h at 170° С in a 
mixture of 0.2 ml sulphuric acid and 0.5 ml perchloric acid, modified from Kotz 
et al. (1972). The destruction mixture was diluted to 100 ml and stored until 
analysis. 
The vegetation of all systems was harvested during September and October 
1985. Dry weight was determined by drying the plant material at 105 ° С during 
24 h. 
During the experimental period, the occurrence of microflora taxa was reg­
istered four times. Samples were taken in autumn 1984 and in spring, summer 
and autumn 1985. The abundance of each taxon was estimated for all systems. 
Determination of sodium and potassium was carried out flame photometri­
cally and that of sulphate was carried out gravimetrically, according to Techn-
icon Auto-Analyzer Methodology (1981 ). Calcium, magnesium, manganese and 
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TABLE II 
Deposition of acid, sulphur and nitrogen on Systems 1-7 
H + 
0.01 
0.05 
0.25 
1.55 
0.01 
0.01 
0.01 
NH; so*-
(kmolha-1 
0.08 
0.07 
0.06 
0.07 
1.38 
2.87 
8.45 
0.07 
0.06 
0.23 
0.97 
0.82 
1.61 
4.40 
NO3-
year"1) 
0.08 
0.22 
0.22 
0.22 
0.01 
0.01 
0.01 
H+(pot.) 
0.17 
0.19 
0.37 
1.69 
2.77 
5.75 
16.91 
NH4+-
1.1 
1.0 
0.8 
1.0 
19.3 
40.2 
118.3 
N NO3 
(kg ha"1 ; 
1.1 
3.1 
3.1 
2.8 
0.1 
0.1 
0.1 
-N 
year" 
soi-
• ' ) 
2.2 
1.9 
7.4 
31.0 
26.2 
51.5 
140.8 
iron were estimated with a Beekman Model 1272 Atomic Absorption Spectro-
photometer and aluminium, cadmium and zinc with an IL Video AA/AE Spec-
trophotometer. Colorimetrie determination was used for ortho-phosphate 
(Hendriksen, 1965), ammonia (Grasshoff and Johannsen, 1977), 
nitrate + nitrite (Kamphake et al., 1967) and chloride (O'Brien, 1962). Phos-
phorus of destruction samples was determined according to Golterman (1978 ). 
Time trends of temperature and light intensity were drawn according to SAS 
(1982) methodology (cubic spline, SM 5%). For pH curves, the smoothing 
factor (SM) was 35%; for all other chemical parameters, SM 25% was used. 
Water quality data were statistically compared with the Wilcoxon test. The 
relationship between time trends of chloride and other chemical components 
in the water was statistically tested with both the Pearson correlation test and 
the Spearman rank-correlation test by using the monthly measured values from 
May 1984 to September 1985. 
Short-term experiments 
In order to study the short-term development of water chemistry after 
ammonium sulphate application and the related processes, both in December 
1984 and July 1985, water quality was monitored during 4 and 5 days, respec-
tively. In both experiments, rain was applied early in the morning. Tempera-
tures of the pools were 6 and 25 0C, respectively. Water sampling and pH 
measuring took place 1 h prior to rain application and afterwards at regular 
intervals of several hours. Measurements and analyses were carried out as 
described in the previous paragraphs. 
RESULTS 
Water quality data and temporal patterns 
During the first year, water quality development was generally subjected to 
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large fluctuations. A stable situation in water chemistry was only achieved 
during the second year. Apparently an equilibrium was established between 
water quality, rain application, sediment and vegetation. Time trends of pH, 
alkalinity, ammonium, nitrate, sulphate, calcium, magnesium, potassium, 
sodium, chloride, aluminium and cadmium are shown in Figs. 3-6. The devel­
opment of water quality of the systems differed markedly between the various 
rain treatments. pH and alkalinity (Fig. 3) remained rather constant in Sys­
tems 1, 2 and 3; only during summertime did alkalinity decrease slightly. In 
spring and summer, a strong pH decline occurred in Systems 4,5, 6 and 7. The 
ammonium sulphate treatments, particularly, caused a severe acidification of 
the water layer, down to pH 3.5 in System 7. Higher ammonium concentrations 
caused a more rapid acidification and resulted in lower pH values. After 2 years 
of exposure, System 4 was also strongly acidified (pH 4.2). Due to the contin­
uous addition of acid (pH 3.5) rain, acidification occurred at the moment that 
bicarbonate alkalinity strongly decreased (Fig. 3). In the acidified systems, 
both pH and alkalinity increased in autumn and winter, but decreased again 
in spring. Ultimate pH levels ( Fig. 7 ) were similar for Systems 1 and 2 and for 
4 and 5. Apparently, the acidifying impact of Treatments 4 and 5 is similar. 
pH differences between all other systems appeared to be significant ( Wilcoxon 
test, Ρ < 0.05 ). The ultimate values of alkalinity of Systems 1, 2 and 3 differed 
significantly from those of all other systems. 
Concentration trends of the nitrogen compounds added were very distinct 
between the various systems ( Fig. 4 ). Ammonium concentrations were con­
tinuously low in Systems 2-4. Only Treatments 6 and 7 regularly caused 
enhanced ammonium levels during winter and late summer. The ultimate lev­
els ( Fig. 7 ) in Systems 6 and 7 were significantly different from those of all 
other systems. During the first 5 months after rain application, nitrate con­
centrations in the water were strongly enhanced in all systems. After this period, 
the nitrate concentrations rapidly decreased in Systems 1-5 and remained rel­
atively high for another 3 months in Systems 6 and 7. After July 1984, the 
nitrate levels remained rather low in all systems. Raised nitrate levels were 
observed only in Systems 6 and 7 during winter and spring. Rain containing 
nitrate (Treatments 1-4) did not clearly affect nitrate concentrations in the 
water. 
Sulphate trends in the water are shown in Fig. 5. After the first summer 
period, sulphate concentrations remained rather stable in all systems and 
decreased in spring and summer 1985. The sulphate concentrations in the water 
were higher than in the corresponding rain applications and were related to 
the total amount of sulphate applied (Fig. 8). Ultimate values (Fig. 7) were 
different for all systems, except for 1 and 2 and for 4 and 6. 
Trends of most other chemical parameters show diverse fluctuation pat­
terns. Nevertheless, some general patterns can be observed. During the first 
months, both Ca and Mg were enhanced in Systems 5, 6 and 7 (Fig. 5). After 
this period, the concentrations slowly decreased. Concentrations of the metals 
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Fig. 3. Time trends of pH and alkalinity in the water of seven artificial soft water systems exposed 
to different types of synthetic rain. The reference System 1 was exposed to pH 5.6 rain. Systems 
2, 3 and 4 were exposed to sulphuric acid rain (pH 5.0, 4.25 and 3.5, respectively). Systems 5, 6 
and 7 were exposed to pH 5.6 rain containing different amounts of ammonium sulphate. More 
detailed information on the rain solutions is given in Tables I and II. 
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reference System 1 was exposed to pH 5.6 rain. Systems 2,3 and 4 were exposed to sulphuric acid 
rain ( pH 5.0,4.25 and 3.5, respectively ). Systems 5,6 and 7 were exposed to pH 5.6 rain containing 
different amounts of ammonium sulphate. The drawn lines correspond to the various systems as 
shown in Fig. 5. More detailed information on the rain solutions is given in Tables I and II. 
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Fig. б.Тіте trends of potassium, sodium and chloride in the water of seven artificial soft water 
systems exposed to different types of synthetic rain. The reference System 1 was exposed to pH 
5.6 rain. Systems 2,3 and 4 were exposed to sulphuric acid rain (pH 5.0,4.25 and 3.5, respectively). 
Systems 5, 6 and 7 were exposed to pH 5.6 rain containing different amounts of ammonium sul­
phate. More detailed information on the rain solutions is given in Tables I and II. 
Al and Cd were remarkably high in the strongly acidified System 7. The highest 
values were 400 /miol I - 1 and 80 nmol I - 1 , respectively. With respect to Cd, 
concentrations were lowest during the summer period. During the first months 
of the experiment, К was clearly enhanced in Systems 5, 6 and 7. In the sub­
sequent period, only minor fluctuations were observed and the concentrations 
remained low. In 1985, К increased remarkably in System 4. Concentration 
trends of both Na and CI are given in Fig. 6. The fluctuations may elucidate 
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the possible role of non-biological processes in water-quality development. Only 
the temporal patterns of Na, К and Mg were directly related to the pathway of 
the biologically non-active Cl~ ion (Spearman correlation test, Ρ<0.05). 
Therefore, the concentration pathways of these ions were primarily deter­
mined by concentration and/or dilution effects. For all other water quality 
parameters, the development appeared to result from chemical processes, 
whereas concentration and/or dilution effects were of less importance. 
Ultimate water quality characteristics (Fig. 7) were based on values meas­
ured from May to September 1985. An important factor in determining the 
chemical composition of the water is the concentration of ions in the rain 
applied. When no chemical reactions and interactions take place, the concen­
tration in the water approximates that of the rain solution. Only for Na, К and 
SO,,2- were the differences between the systems related to the differences 
between the rain solutions (linear regression, correlation > 90%). However, 
as for most components, the concentrations in the pools were higher than in 
the corresponding rain solutions. In Fig. 7 it is shown that in the most acid 
(pH, H + and alkalinity) pools the concentrations of Ca, Mg and the metals 
Fe, Μη, Al, Cd and Zn were highest. For all these elements, concentrations in 
Pools 4, 5, 6 and 7 are significantly higher than in Pools 1, 2 and 3 (Wilcoxon 
test, Ρ < 0.05). In Pools 6 and 7, concentrations of N H 4 + , Fe, Μη and Al were 
significantly higher than in all other pools. This is also true for К and Zn in 
Pool 4. Ortho-phosphate concentrations varied from 0.1 to 1.0 μπιοί I - 1 and 
seemed of minor importance in affecting the systems. 
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TABLE III 
Some qualitative and quantitative characteristics of six macrophyte species in Systems 1-7 during 
2 years of exposure 
Littorella uniflora 
Flowering" (1984) 
Flowering* (1985) 
Fungal infection" 
Luronium natans 
Number of leaves 
% pale leaves 
Flowering 
Pilularia globulifera 
Covering area (cm2) (1984) 
Juncus bulbosus 
Flowering" (1984) 
Number of flowering spikes (1985) 
Sphagnum cuspidatum 
% water covering (spring 1985) 
% water covering (autumn 1985) 
Agrostis canina 
Vegetation covering % (1984) 
Number of flowering spikes (1985) 
System 
1 
80 
2 
— 
10 
20 
+ 
40 
20 
11 
0 
20 
25 
10 
2 
100 
6 
— 
11 
0 
+ 
30 
40 
13 
0 
25 
10 
2 
3 
90 
2 
— 
27 
10 
+ 
30 
30 
12 
0 
30 
15 
6 
4 
90 
4 
— 
25 
10 
+ 
35 
50 
14 
0 
50 
15 
15 
5 
80 
16 
— 
28 
10 
— 
20 
50 
13 
30 
50 
10 
5 
6 
30 
18 
5 
36 
20 
— 
30 
70 
15 
25 
80 
30 
46 
7 
20 
1 
8 
29 
100 
— 
10 
80 
60 
30 
100 
50 
150 
"Expressed as percentage of the total number of individual plants. 
Flora 
Qualitative and quantitative characteristics of macrophytes 
The effects of different rain treatments on the development and biomass of 
the aquatic and amphibious macrophyte species are shown in Table III, Figs. 
9 and 10. Vegetation characteristics were very similar for Systems 1-4. In Sys-
tems 6 and 7, which were exposed to ammonium sulphate, most species showed 
very distinct characteristics (Table III). Here, the flowering percentage was 
low for Littorella uniflora. Along the shore, this species was infected by fungi. 
No flowering was observed for Luronium natans in Systems 5,6 and 7, whereas 
in System 7, all leaves turned pale. For Pilularia globulifera, the covering area 
was lowest in System 7. The more acid-tolerant species reacted very differently 
to the various rain treatments. Flowering of Juncus bulbosus was clearly 
enhanced in Systems 6 and 7. Here, both vegetation cover and flowering of 
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Fig. 9. The above-ground (submerged-)-shore) biomass of five macrophyte species in seven soft 
water systems after 22 months exposure to different types of rain. The reference System 1 was 
exposed to pH 5.6 rain. Systems 2,3 and 4 were exposed to sulphuric acid rain (pH 5.0,4.25 and 
3.5, respectively ). Systems 5, 6 and 7 were exposed to pH 5.6 rain containing different amounts 
of ammonium sulphate. More detailed information on the rain solutions is given in Tables I and 
II. 
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Fig. 10. The relative distribution (%) of submerged and shore-bound above-ground biomass (dry 
weight) of three macrophyte species in seven soft water systems after 22 months exposure to 
different types of rain. The reference System 1 was exposed to pH 5.6 rain. Systems 2, 3 and 4 
were exposed to sulphuric acid rain (pH 5.0, 4.25 and 3.5, respectively). Systems 5, 6 and 7 were 
exposed to pH 5.6 rain containing different amounts of ammonium sulphate. More detailed infor­
mation on the rain solutions is given in Tables I and II. 
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TABLE IV 
Abundance of dominant microflora taxa in seven artificial soft water systems exposed to different 
types of rain 
System 
Filamentous green 
Spirogyra spp. 
Mougeotia spp. 
Microspora spp. 
Oedogomum spp. 
Chrysophytes 
algae 
Chromuhna rosanoffu 
Dmobryon dwerg· 
Desmids 
Staurastrum spp. 
ens 
Gonatozygon brebissonu 
2 
1 
+ 
+ 
— 
— 
+ 
2 
2 
— 
— 
+ 
— 
— 
+ 
+ 
2 
2 
2 
+ 
2 
2 
2 
— 
— 
2 
— 
— 
— 
— 
1 
— 
+ 
2 
+ 
2 
+ 
— , absent; +, few; 1, abundant; 2, very abundant. 
Agrostis canina were aiso highest. For Sphagnum cuspidatum Ehrh. ex Hoffm., 
water covering was increased in Systems 4-7 and was highest in Systems 6 and 
7, where it fully covered the water layer. 
Figure 9 shows the ultimate above-ground (submerged+shore) biomass of 
some aquatic macrophytes after 22 months of rain application. None of the 
sulphuric acid pH treatments 1-4 clearly affected the biomass of the intro-
duced species. The most pronounced changes occurred in Systems 6 and 7. 
Here, the biomass of Littorella uniflora was remarkably higher than in all other 
systems. At the end of the experiment, Pilularia globulifera had completely 
disappeared from Systems 6 and 7. For the acid-tolerant species, Juncus bul-
bosas, Sphagnum cuspidatum and Agrostis canina, the biomass was highest in 
Systems 5,6 and 7. In Systems 6 and 7, the biomass of these species was several 
times higher than in the other systems. 
The relative contribution of submerged Littorella uniflora decreased from 
Systems 1 to 7 ( Fig. 10 ). In Systems 6 and 7, exposed to the highest ammonium 
sulphate depositions, Littorella uniflora disappeared from the submerged envi-
ronment and was restricted to the shore above the water level. The contribu-
tion of the submerged parts in the total biomass was highest for both Juncus 
bulbosus and Sphagnum cuspidatum, in contrast to Littorella uniflora in Sys-
tems 6 and 7. 
Microflora 
Table IV summarizes the presence of the dominant microflora taxa in all 
systems. Only the maximum abundance as observed in the four sampling periods 
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is given. The abundance of various other taxa was very low. In all systems, the 
filamentous green algae and desmids partly covered the submerged macro-
phytes. The chrysophyte species, Chromulina rosanoffii (Woron.) Biitschli, 
formed a thin layer on the water surface. The most remarkable differences 
concerned the presence and abundance of filamentous green algae and des­
mids. Spirogyra was very abundant in Systems 1, 2 and 3 and Mougeotia in 
Systems 3,4 and 5. A high abundance of Oedogonium was found in Systems 5 
and 6. Only two chrysophyte species were abundantly encountered; they were 
restricted to System 3. The desmid genus, Staurastrum, was only abundant in 
Systems 3 and 4, whereas Gonatozygon brebissonii De Вагу was very abundant 
in System 1. In System 7, no dominant microflora taxa were found, whereas in 
System 6, only Oedogonium was very abundant. 
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Short-term experiments 
The short-term trends of pH, sulphate, ammonium and nitrate before and 
after application of ammonium sulphate rain are shown in Fig. 11. Both in 
winter and summer, the most remarkable changes concern pH, ammonium and 
nitrate. Generally, the major changes already occurred during the first 12 h. In 
all situations, pH and ammonium were raised just after ( t=0) rain addition. 
This can be ascribed to the higher quantities of both components in the added 
rain solution. Minor fluctuations were observed for sulphate. Shortly after rain 
application, pH and ammonium decreased rapidly, whereas nitrate concentra-
tions remained very low during summer and increased sharply in System 7 
during winter. In the summer experiment, the ammonium concentration 
approximated the pre-experimental situation within 48 h. In winter, however, 
the ammonium level did not reach this point within 5 days and, therefore, 
ultimately accumulated. The pre-experimental pH of the systems was reached 
again after 24 h. For all systems, the relative increase in H + concentration was 
highest in winter, although the absolute pH was lowest in summer. 
DISCUSSION 
Acidification, water quality and processes 
One of the major aims of the experiment described was to study the acidi-
fying impact of different types of artificial rain solutions. The observed devel-
opment of pH and water quality is determined both by direct and indirect 
physical and chemical interactions between the applied rain, sediment and 
vegetation. The acidifying impact of the applied rain will be determined by the 
dominant chemical constituents, hydrogen, ammonium and sulphate. The pro-
cesses which are involved in the acid-base chemistry of the affected systems, 
therefore, are related to the loading by these compounds. A direct hydrogen 
input decreases alkalinity and pH, while the biochemical conversions of sul-
phate and nitrate generate alkalinity. Ammonium and sulphide oxidation 
increase acidity by producing hydrogen ions. These processes are biologically 
mediated by micro-organisms in sediment and water, macrophytes and algae 
(Kelly et al., 1982; Raven, 1985). Physico-chemical weathering processes are 
also involved in the acid-base balance. When no or only slight chemical con-
versions occur, concentrations of the various ions should be related to the 
amount present in the applied rain. This is the case for the observed concen-
trations of sodium, potassium and sulphate. The absolute concentration, how-
ever, is also dependent on the physico-chemical conditions of the sediment. 
When evaporation and/or increase of the water volume are important deter-
mining physical processes, fluctuations in concentration should be related to 
fluctuations of the indifferent chloride ion. This accounts dominantly for the 
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temporal patterns of sodium, potassium and magnesium. The development, 
concentration and time trends of all other measured chemical components can 
generally be ascribed to both biological and chemical conversions resulting 
from the interactions between rain, water, sediment and flora. 
Water acidification was observed both in System 4, exposed to pH 3.5 sul­
phuric acid rain and Systems 5, 6 and 7, exposed to ammonium sulphate rain. 
The sulphuric acid treatments caused a direct hydrogen ion load, whereas the 
slightly acid ammonium sulphate treatments apparently acidified the water 
indirectly. The most remarkable alterations in water quality occurred as a result 
of the continuous addition of rain containing high amounts of ammonium sul­
phate. For the ammonium sulphate treatments^ the temporal patterns of pH, 
ammonium and nitrate in the water layer indicate the importance of the nitri­
fication process, which produces 2 mol hydrogen and 1 mol nitrate per mol 
converted ammonium. At ammonium concentrations > 10 μτηοΐ l~l, nitrifying 
bacteria are able to compete with autotrophic organisms for ammonium ( Brown 
and Johnson, 1977). The quantitative importance of nitrification in the aci­
dification process is shown in Fig. 8. A relationship can be noticed between the 
pH of the water and the applied amount of potential acid (Table II), which 
was calculated as the sum of hydrogen and twice the amount of ammonium. 
Only after 1 year, the degree of acidification ( calculated from the decrease in 
alkalinity and increase in H + concentration) shows a linear correlation with 
the applied amount of potential acid (Schuurkes et al., 1986a). Apparently, 
during the first year of this experiment, the efficiency of acidification is 100% 
of the potential acidifying impact of ammonium. Under natural conditions, 
the whole-lake efficiency of acidification of a shallow, small lake fertilized with 
ammonium chloride, was only 13% of the potential acidification of supplied 
ammonium ( Schindler et al., 1985 ). The relative increase in H + concentration 
of the acidified Systems 5, 6 and 7, exposed to ammonium sulphate rain, was 
low during the second year ( Fig. 3 ). According to Rao and Dutka (1983 ), low 
pH values, < 5, are an important limiting factor for the nitrification process in 
aquatic systems. In the present experiment, nitrification is apparently inhib­
ited at pH values <4.25, while at pH 3.5, no nitrification takes place at all 
(Fig. 8). Below pH 3.7, a continuous ammonium addition results in the accu­
mulation of ammonium ( Figs. 4 and 7 ), which subsequently becomes available 
for acid-tolerant macrophyte species ( see next section ). At that time, ammo­
nium consumption by macrophytes ( with the subsequent exchange of hydro­
gen ions ) may become important in determining a further pH decrease. Nitrate 
concentrations are most clearly enhanced during winter time and spring as a 
result of the nitrification process. However, both nitrate uptake by bacteria 
( denitrification ) and autotrophic organisms will be responsible for the gen­
erally low concentrations in the water. These observations lead to the conclu­
sion that ammonium in precipitation has a potential acidifying capacity in soft 
waters and should be taken into account in the acid rain problem. 
The sulphuric acid rain applications (Treatments 2, 3 and 4) affected pH 
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and alkalinity most clearly during the second year. During the first year, the 
acidifying capacity of the rain apparently was not sufficient to decrease both 
the initial alkalinity and the possibly generated alkalinity. After 2 years of 
application, only Treatment 4 (pH 3.5), equivalent to a yearly deposition of 
1500 mol H + h a - 1 , acidified the water significantly. 
In all systems, the concentrations of sulphate in the water are higher than 
those of the corresponding rain additions. Apparently, sulphate accumulates 
and sulphate reduction is of minor importance in these waters with mineral 
sediments. Although concentrations may fluctuate, the general level of the 
pathway is related to the applied amount of sulphate ( Figs. 5 and 7 ). However, 
the basic sulphate concentrations primarily depend on the sulphur richness of 
the sediment and sulphate weathering. This is of great importance for deter­
mining the excess of sulphate in acidifying surface waters. 
In the systems where a strong acidification occurred, the acidifying influence 
of rainwater far outweighs the alkalinity produced by internal bio- and geo-
chemical processes in water and sediment. In the type of sediment used, base 
weathering is of minor importance. Other processes, however, such as sulphate 
reduction and denitrification may be involved, but will be limited by the very 
low organic matter content of the mineral sandy sediment. Inhibition of these 
processes, due to low pH values, will be of minor importance ( Postgate, 1979; 
Kelly and Rudd, 1984 ). The importance of the alkalinizing role of nitrate uptake 
by macrophytes and algae depends on the uptake capacity of the involved spe­
cies, but is probably low. 
In all acidified systems, concentrations of Ca, Mg, Fe, Mn, Al, Cd and Zn 
had increased, but most markedly in those systems acidified by ammonium 
sulphate. Concentrations of most ions in the water of the systems were not 
related to the pH of the applied rain, but depended on the level of acidification 
of the systems. Schindler and Turner (1982 ) also observed that concentrations 
of Fe, Mn, Al and Zn increased after experimental acidification. The raised 
concentrations result from an increased release from the sediment and are due 
to the enhanced dissolution, cation exchange and leaching of chemical com­
ponents bound to the sediment. In the systems exposed to ammonium sul­
phate, hydrogen ions as well as ammonium ions stimulate the cation-exchange 
processes. The sedimentary conditions are, therefore, an important factor in 
determining water quality resulting from acidification. 
The degree of acidification of surface waters is usually estimated by means 
of empirical models (Henriksen, 1982; Kramer and Tessier, 1982). These 
models are generally based on simple chemical approaches which are deduced 
from the correlation between pH and excess of sulphate in Norwegian lakes on 
the one hand and the excess of sulphate and H ч concentration in precipitation 
on the other hand. Although several assumptions should be made before appli­
cation (Kramer and Tessier, 1982), the empirical model of Henriksen gave 
good predictions for the level of acidification of susceptible waters in different 
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parts of the world (Overrein et al., 1981). In Dutch soft waters, the degree of 
acidification was also strongly correlated with the excess of sulphate ( Leuven 
et al., 1986). In the case of the presented experiment, a linear relationship has 
been established between sulphate deposition and the sulphate concentration 
in the water (Fig. 8). It obviously does not make any difference whether sul-
phate is added as sulphuric acid or as ammonium sulphate. Therefore, it is 
doubtful that only sulphuric acid in precipitation contributes to water acidifi-
cation, as is generally accepted; other, sulphate-related acidifying processes 
may contribute to the acidifying potential of precipitation as well. 
The presented dose-effect relations indicate that concentrations of H + , sul-
phate and ammonium in the water layer only increase when the deposition of 
acidifying compounds is enhanced. A continuous input of the same magnitude 
for > 1 year only slowly causes a further acidification. Schindler et al. (1985) 
also observed this phenomenon. This may indicate that only an increased dep-
osition of acidifying substances with time results in a further acidification. 
Floristic characteristics 
Macrophytes 
The different types of rain lead to several quantitative and qualitative changes 
of the macrophyte composition. However, it is difficult to establish the deter-
mining factors as the applied rain may affect the development of the macro-
phytes both directly and indirectly. The most remarkable changes (Table III, 
Figs. 9 and 10 ) occurred in Systems 6 and 7, exposed to high amounts of ammo-
nium sulphate. Apparently, acidification, together with ammonium enrich-
ment resulting from a continuous high ammonium sulphate input, adversely 
affected the submerged development and growth of Littorella uniflora, Luro-
nium natans and Pilularia globulifera, typical macrophytes of nutrient-poor 
soft waters. However, Littorella uniflora is able to survive such unfavourable 
conditions, growing on the shore above the water level ( Figs. 9 and 10 ). Macro-
phytes which are often observed in dense stands in acidified waters, such as 
Juncus bulbosus, Sphagnum cuspidatum and Agrostis canina (Haines, 1981; 
Hendrey, 1982; Roelofs, 1983; Wetzel et al., 1984; Grahn, 1986 ), expanded their 
area under these conditions and increased their biomass both submerged and 
on the shore, resulting in a luxuriant growth of these species. This stresses the 
role of ammonium as a eutrophicating component, in addition to its acidifying 
influence. Acidification with none or only a small ammonium sulphate addi-
tion ( Treatments 3,4 and 5 ), had no clear effects on the qualitative and quan-
titative characteristics of the macrophytes studied, although the biomass of 
Sphagnum was slightly higher. The occurrence of the latter genus is related to 
water acidification and appears to be a recent flora element in many acidified 
waters (Roelofs, 1983; Grahn, 1986). 
The disappearance of the submerged soft water species in the strongly aci-
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dified and ammonium-enriched Systems 6 and 7 results either from die-off 
caused by unfavourable growth conditions, or from suppression by the expand-
ing species. According to Roelofs et al. (1984), pH does not negatively affect 
growth of soft water species. Moreover, changes in carbon and nitrogen avail-
ability in acidifying waters are of importance (Roelofs et al., 1984; Wetzel et 
al., 1984; den Hartog, 1986; Schuurkes et al., 1986b). Soft water species are 
able to survive the extremely low carbon dioxide and nitrogen concentrations 
usually present in non-acidified oligotrophic soft waters. However, as a result 
of acidification, carbon dioxide levels may increase. Together with increased 
ammonium concentrations, such conditions benefit growth of Sphagnum spp., 
Juncus bulbosas and Agrostis canina. Nitrogen uptake of these species is 
ammonium dominated and enhanced ammonium concentrations in acid waters 
stimulate the growth of these macrophytes (Roelofs et al., 1984; Schuurkes et 
al., 1986b ). Submerged Littorella uniflora is not able to profit from these changed 
nitrogen conditions. It is clear that the changed chemical conditions (acidifi-
cation and ammonium enrichment), resulting from addition of ammonium 
sulphate, determined the luxuriant growth of the acid-tolerant nitrophilous 
species and are of competitive advantage to these fast-growing plants. The 
expansion of Juncus bulbosus, Sphagnum cuspidatum and Agrostis canina in 
these systems suppressed the slowly growing soft water macrophytes. Roelofs 
et al. (1984), Wetzeletal. (1984),Grahn (1986) and Schuurkes et al. (1986b) 
also stress that suppression by dense mats of Sphagnum and Juncus bulbosus 
is an important factor in the disappearance of soft water macrophytes in aci-
difying waters. 
Microflora 
The microflora communities of the systems were characterized by a domi-
nance of filamentous algae. Both the presence and abundance of most of the 
dominant microflora taxa (Table IV) were clearly affected by the various 
treatments. In the most acidified (pH 3.5), ammonium-enriched System 7, no 
abundant microflora taxa were encountered. In System 5, less acidified by 
ammonium sulphate, both Oedogonium and Mougeotia were very abundant, 
whereas the first genus was the only dominant taxon in System 6. Mougeotia 
is favoured by acidification as a result of addition of sulphuric acid or a little 
ammonium sulphate (Treatments 3, 4 and 5). Schindler and Turner (1982) 
also observed the appearance of blooms of the filamentous alga, Mougeotia, 
after experimental acidification of a lake with sulphuric acid. Apparently, both 
Oedogonium and Mougeotia were clearly affected by different levels of acidifi-
cation and ammonium enrichment. However, in natural waters, several species 
of these genera are indifferent to pH ( Geelen and Leuven, 1986 ). Spirogyra 
appeared to be restricted to the systems which are not acidified or affected by 
nitrogen. In the same systems, two desmids were also abundantly present. Aci-
dification as a result of sulphuric acid additions favoured Staurastrum. Accord-
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ing to Coesel (1975 ), this genus is characteristic of acid (pH 4-5 ) oligotrophic 
waters. Gonatozygon brebissonii seemed to avoid any acidifying influence, as it 
was only abundant in the reference System 1. The chrysophytes Chromulina 
rosanoffii and Dinobryon divergens Imhof were abundantly present in System 
3, which was slightly acidified and not affected by ammonium. Kwiatskowski 
and Roff (1976) found both species to dominate in slightly acidic lakes. No 
other studies, concerning the effects of experimental acidification on phyto-
plankton communities are known (Ravera, 1986). 
Summarizing, it can be concluded that acidification, whether by sulphuric 
acid or ammonium sulphate additions, adversely effects Spirogyra and the des-
mid Gonatozygon brebissonii. Both Mougeotia and Staurastrum respond well 
to the acidified conditions, but are restricted to the systems not affected by 
ammonium sulphate. Acidification and eutrophication, as a result of consid-
erable ammonium sulphate addition, only benefit the filamentous green algae, 
Oedogonium spp. 
Short-term trends after rain application 
The short-term effects of ammonium sulphate rain on water quality are 
shown in Fig. 11. The changes in ammonium and nitrate concentrations, par-
ticularly in System 7, indicate that nitrogen-related processes are important 
in determining the effects of ammonium sulphate rain on water quality. 
Ammonium and nitrate concentrations are generally affected by micro-orga-
nisms (nitrification and denitrification) and by autotrophics (ammonium and 
nitrate uptake ). The extent of denitrification and nitrate uptake is probably 
low in the studied soft water systems with a mineral sandy sediment ( see also 
the previous paragraphs). Sulphate reduction is also not of quantitative 
importance, considering the overall minor changes in sulphate concentrations 
(Fig. 11). 
In the present experiment, the ultimate effect of the nitrogen-related pro-
cesses on water quality will be determined primarily by interactions between 
temperature, pH and vegetation. During the summer experiment, particularly, 
the high quantity of plant material in Systems 6 and 7 (see Figs. 9 and 10) is 
an important factor in determining water quality development. Under the aci-
dified conditions, ammonium uptake by the acid-tolerant macrophytes will be 
significant ( Roelofs et al., 1984; Schuurkes et al., 1986b). In addition, the very 
low pH values ( < 4 ) inhibit the nitrification process ( Rao and Dutka, 1983 ). 
The competitive advantage of macrophytes for ammonium is an imporant fac-
tor in affecting the hydrogen ion concentration in the water, as macrophytes 
may exchange ammonium ions for hydrogen ions. During the 96 h of the exper-
iment, the change in pH in Systems 6 and 7 is rather low. The net acid pro-
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duction of ammonium-consuming vascular plants is indeed relatively low 
(Raven, 1985). Therefore, pH effects may be observed only at very high 
ammonium levels. 
During the winter experiment, the decrease in ammonium and increase in 
nitrate concentration in System 7 (Fig. 11) emphasize the significance of the 
nitrification process. Apparently, the environmental conditions are more 
favourable for the nitrifying organisms than during the summer experiment. 
pH values are > 4 and ammonium uptake by macrophytes is low due to low 
temperature and low light intensity ( Fig. 1 ). Such conditions are of competi-
tive advantage for nitrifiers ( Brown and Johnson, 1977 ). However, only little 
nitrate is produced, indicating a low activity of these organisms under these 
conditions. The subsequent production of hydrogen ions is relatively low. 
Indeed, only minor pH changes are observed within the 120 h of the experiment. 
Summarizing, it can be concluded that during summer, the net effect of 
ammonium sulphate addition on nitrogen concentrations and pH is deter-
mined primarily by the vegetation, whereas in winter, nitrifying micro-orga-
nisms play a dominant role. Therefore, it may be expected that the most 
important alterations in pH and nitrogen concentrations will occur during 
spring, when vegetation recovers. The general trends shown in Figs. 3 and 4 
confirm this conclusion. 
Dose-effect relations 
The presented dose-effect relations can be useful in determining limit values 
for the deposition of acidifying air pollutants. However, some restrictions must 
be made concerning extrapolation of these results to natural waters, as artifi-
cial systems were used and the time period was only 2 years. In the presented 
experimental study, the artificial soft water systems simulated the hydrologi-
cal conditions of vulnerable, shallow lentie aquatic systems in The Nether-
lands. Therefore, conclusions concerning limit values are only applicable for 
this type of aquatic systems. 
Within the sulphuric acid pH treatments, only pH 3.5 rain markedly acidi-
fied the water, whereas pH 4.25 rain hardly affected pH of the water, but slightly 
decreased alkalinity. Considering these observations, the input of effective acid 
should not exceed 250 mol ha"1 year" '. When the acid load exceeds this quan-
tity, waters may acidify within a short period. This is shown in the case of 
system 4, which is exposed to pH 3.5 rain. Addition of considerable amounts 
of ammonium sulphate (Treatments 6 and 7) adversely affected the original 
soft water systems by acidification and eutrophication. Based on these obser-
vations, the yearly deposition of ammonium-nitrogen should not be > 1380 
mol ha" ', corresponding with 19.4 kg (ammonium + nitrate) nitrogen. How-
ever, the potential acidifying influence of this amount of ammonium exceeds 
the allowable effective acid input. Therefore, this figure mainly provides a base 
to prevent eutrophication-induced changes in acidified waters. Only few other 
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studies also established limit values for the deposition of atmospheric pollu-
tants. Lee (1985) suggests that for the survival of ombrotrophic mires, the 
yearly nitrogen input should not exceed 30 kg ha - 1 . Schindler et al. (1985) 
showed that an ammonium-nitrogen input of 50 kg h a - 1 each year resulted in 
a strong acidification of a shallow small lake. To restrict acidification of lakes 
in Scandinavia, deposition of effective acid may not exceed 400 mol ha _ l year - 1 
(Zwerver et al., 1984). Application of these values to other regions is not use-
ful, as each type of surface water and catchment area has its own, typical bio-
and geochemical characteristics. 
General implications 
Under natural conditions, nitrification of airborne ammonium compounds 
may account for the very low pH values of many acidified waters, being much 
lower than might be expected as a result of the pH of precipitation. However, 
it is necessary that the effective acid production resulting from acidic, ammo-
nium-containing rain outweighs the alkalinity production from nitrate- and 
sulphate-related processes and base weathering. Dillon (1984) and Schuurkes 
(1986a) have already put an emphasis on taking into account the effective 
deposition of acid rather than focusing on the pH of precipitation. Acidity 
production resulting from the cation-exchange capacity of Sphagnum will be 
of minor importance in the acidified waters, as the cation concentrations in 
the vulnerable waters are usually low. Apart from this process, the high bio-
mass of Sphagnum may affect the pH of the water by dissociation of organic 
acids (Kilham, 1982). 
The observed changes in water quality (acidification, ammonium enrich-
ment and increased metal concentrations ) and flora ( disappearance of soft 
water species and expansion of acid-tolerant species) of the simulated systems 
exposed to a high ammonium sulphate deposition correspond remarkably well 
with the historical changes of the nowadays strongly acidified waters in NH3-
affected areas in The Netherlands (Roelofs, 1983; Leuven et al., 1986). The 
pH of 35% of these waters is <4.0 (mean pH 3.8). Both Sphagnum spp. and 
Juncus bulbosus often dominate the water layer, whereas typical soft water 
species, such as Littorella uniflora and Liobelia dortmanna L., have become rare. 
These similarities stress the quantitative importance of ammonium-induced 
acidification in the decline of low alkaline aquatic systems with carbonate-poor 
sandy sediments. It is clear that in The Netherlands the high atmospheric 
deposition of ammonium sulphate has contributed to the acidification prob-
lem. Schindler et al. (1985) also suggest the importance of ammonium com-
pounds in causing lake acidification. Deposition merely containing sulphuric 
and nitric acids also affects soft water systems, but the time-related effects on 
water quality and vegetation are less 'severe'. Although in northern U.S.A., 
Scandinavia and Canada, these strong acids are the most important acidifying 
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components, emphasis must be laid on the importance of ammonium deposi­
tion in regions where a relatively high emission of gaseous NH3 occurs. A recent 
survey of NH3 emission in Europe (Buysman et al., 1985) shows that this 
atmospheric pollutant is of international importance. In many parts of The 
Netherlands, Belgium, the Federal Republic of Germany, Denmark, France, 
Great Britain and Italy, anthropogenic ammonia emission is remarkably high, 
with animal waste production being the major source. Also, in some parts of 
North America, ammonia is an important air pollutant ( Husar and Holloway, 
1984 ). In many parts of these countries, acidification of surface waters has 
been established (Mosello and Tartari, 1983; Rebsdorf, 1984; Schoen et al., 
1984; Vangenechten et al., 1984; Wieting, 1985). These observations empha­
size the necessity to focus internationally on the importance of atmospheric 
deposition of ammonia and derived compounds in the acidification problem. 
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ABSTRACT 
Schuurkes, J.A.A.R., Kok, C.J. and den Hartog, C , 1986. Ammonium and nitrate uptake 
by aquatic plants from poorly buffered and acidified waters. Aquat. Bot., 24:131—146. 
In the Netherlands, atmospheric deposition of ammonia compounds, particularly 
ammonium sulphate, is an important source for the acidification of oligotrophic soft 
waters. As a consequence, the acidified waters are generally nitrogen enriched, ammo-
nium being the dominant N form. In this study, it is examined how this alteration in the 
nitrogen household affects the aquatic plant communities in acidifying waters. 
The uptake of ammonium and nitrate by leaves and roots of two groups of freshwater 
plants has been studied using glass incubation chambers. The first group (Littorella uni-
flora (L.) Aschers.; Lobelia dortmanna L.; Luronium natans (L.) Raf.; Echinodorus 
ranunculoides (L.) Engelm.) is characteristic of nitrogen-poor soft waters, whereas the 
second group (Juncus bulbosus L.; Sphagnum flexuosum Dozy & Molk.; Agrosíi's canina 
L.; Drepanocladus fluitans (Hedw.) Warnst.) often occurs in dense stands in nitrogen-
enriched, acid waters. Both groups have typical adaptations to the nitrogen condition 
of their aquatic environment. The soft-water species show a nitrate-dominated (63—73%) 
nitrogen utilization, with the roots as the major (83%) uptake site. Moreover, they are 
able to survive at very low nitrogen concentrations. The acid-tolerant species have an 
ammonium-dominated (85—90%) nitrogen utilization, with the leaves as the major 
(71—82%) uptake site. This group profits from the increased ammonium levels in acid 
waters. It is concluded that in the case of acidification increased ammonium concentra-
tions additionally account for the suppression of typical soft-water communities by 
communities dominated by Juncus bulbosus and Sphagnum spp. 
INTRODUCTION 
One of the phenomena coupled with the acidification of shallow surface 
waters due to precipitation of atmospheric pollutants is the change in the 
composition of the submerged vegetation. Most acidified waters are colo-
nized by Juncus bulbosus L. and Sphagnum species while the characteristic 
isoetid species from poorly buffered (soft) waters, such as Littorella uniflora 
(L.) Aschers., Lobelia dortmanna L. and Isoetes lacustris L., disappear 
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(Grahn, 1977; Nüssen, 1980; Haines, 1981; Hendrey, 1982; Roelofs, 1983). 
Recently, it has been shown that this shift to a Juncus bu/bosus-dominated 
system is primarily caused by changes in the СО
а
/НСОз7СОз2" equilibrium 
of soil and water. Juncus bulbosus profits from the enhanced COj concentra­
tions in the water layer of acidifying systems (Roelofs and Schuurkes, 1983; 
Roelofs et al., 1984; Wetzel et al., 1984). In The Netherlands, however, aci­
dification of small, hydrologically isolated waters (e.g., moorland pools) is 
not only associated with changes in the С budget, but also with changes in 
the nitrogen household. Originally, poorly buffered, oligo trophic waters are 
poor in nitrogen with nitrate being the dominant N source. Acidified waters 
are generally nitrogen enriched, ammonium being the dominant N form 
(Roelofs, 1983; Leuven and Schuurkes, 1985). Schuurkes (1986) pointed 
out that this alteration in nitrogen condition is the result of a high atmo­
spheric deposition of NHa and derived compounds. Airborne ammonium sul­
phate, particularly, causes a rapid acidification which ultimately results in an 
accumulation of ammonium. Roelofs et al. (1984) emphasize that this 
nitrogen alteration may have contributed to the replacement of L. uniflora 
by J. bulbosus in acidified Dutch waters. 
Apart from these studies, very little attention has usually been paid to the 
field situation with respect to the nitrogen household of plant communities. 
Most of the research concerns the uptake of ammonium and nitrate, the im­
portance of leaves or roots as uptake site, or nitrate reductase measurements 
(Ferguson and Bollard, 1969; Kopp et al., 1974; Schwoerbel and Tilmanns, 
1974; Nichols and Keeney, 1976; Best and Mantai, 1978;Barko and Smart, 
1981, Thursby and Harlin, 1984). Generally, only laboratory experiments 
are discussed without giving the important ecological implications. For eco-
logists, however, such experiments are only valuable when they are com­
bined with field observations. In this way an ecological interpretation may 
give important information on the role of nitrogen in the distribution of dif­
ferent macrophyte species. Only Melzer (1980) performed experiments in 
situ and showed nitrogen-based adaptations of several macrophytes. 
The framework of the present experimental study is provided by the field 
observations of Roelofs (1983) and Leuven and Schuurkes (1985). The 
major aim is to determine in what way the alteration of nitrogen conditions 
in acidifying waters may have contributed to the observed change in sub­
merged vegetation. Forthat reason, the nitrogen uptake capability of macro­
phytes confined to poorly buffered, nitrogen-poor waters, i.e., shoreweed, 
Littorella uniflora; waterlobelia, Lobelia dortmanna and the water plantains 
Luronium natans (L.) Raf. and Echinodorus ranunculoides (L.) Engelm. is 
compared to that of species which often occur in dense stands in acidified 
nitrogen-enriched waters, i.e., bulbous rush, Juncus bulbosus. Sphagnum 
flexuosum Dozy & Molk.; the bent grass Agrostis canina L. and Drepano-
cladus fluitans (Hedw.) Warnst. 
The main questions addressed in this study are: (a) which N source can be 
used; (b) which N source is "preferred"; (c) what is the contribution of 
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leaves and roots in the total N uptake; (d) what is the uptake capacity; 
(e) in what way is the N uptake affected by different types of N incubation. 
The results give insight into the genotypically fixed ability of nitrogen up­
take and the ecological adaptation of the species to different environmental 
N conditions. 
MATERIAL AND METHODS 
Sampling sites 
The plants used for the experiments were collected at three sites in The 
Netherlands, except for Lobelia dortmanna which was collected in Llyn 
Gwynant in the Snowdonia lake area, North Wales (U.K.). Table I shows a 
survey of the sampling sites and collected species, and gives some chemical 
characteristics of the waters. The "Lobeliabaai" is a small acidifying moor­
land pool near Heeze. Lobelia dortmanna recently disappeared from this site, 
while Juncus bulbosus expands its area. The "Rouwkuilenven" near Ijssel-
stein is an acid ammonium-enriched pool, situated in an area with a high 
atmospheric loading of NHs-derived compounds. The moss Drepanocladus 
fluitane dominates the water layer. The third site is a low alkaline dune pool 
in the Griltjeplak, on the island of Terschelling. Here Littorella uniflora is 
very abundant. 
The major differences in the chemical composition of the waters concern 
pH, alkalinity and nitrogen concentration. All waters are typical habitats of 
the studied species and, therefore, the morphology and growth form (root/ 
leaf ratio) will be representative. For all species, only the aquatic or sub­
merged morph was collected. 
Pre-experimental treatment 
At the laboratory, plants were washed in order to remove attached algae 
and sediment residues. AH species were incubated for 3 weeks in aquaria 
containing carbonate-poor sandy sediment and one of the media as described 
in Table II. The basic medium was made synthetically by adding 50 mg 
seasalt (Wiegandt) per litre of demineralized bi-distilled water. In this way all 
plants were acclimatized to the experimental laboratory conditions, de­
scribed in the next paragraph. Medium A (1.0 mM HCO3") was used to 
acclimatize Littorella uniflora, Lobelia dortmanna, Luronium natans and 
Echinodorus ranunculoides. In medium В (acidified down to pH 4.5), Juncus 
bulbosus, Agrostis canina. Sphagnum flexuosum and Drepanocladus fluitans 
were acclimatized. The acclimatization conditions are within the range of the 
chemical conditions found in their natural environment. 
The chemical composition of all acclimatization media was similar, except 
for pH and NaHC03. Similar starting conditions are necessary in order to 
compare the nitrogen uptake of the studied species. 
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TABLE I 
Chemical composition* (μmol Γ1) of the water of the collection sites 
Site Collected species pH Alk.** NH4
+
 NO3" PO«'" CT S 0 4
r
 K+ Ca,+ MgJ+ 
Λ Lobeliabaai Littorella uniflora 6.1 0.14 19 6 0.6 340 180 165 165 150 
ш Luronium notons 
June us bulbo sus 
Rouwkuüenven Agrostis canina 4.5 0.03 187 9 1.5 175 145 20 35 25 
Sphagnum flexuosum 
Drepanocladus fluitans 
Griltjeplak Echinodorus ranunculoides 7.0 0.8 5 1 0.4 1760 120 40 350 315 
•Water samples were taken in October 1984. 
**Alk. = alkalinity in meq Η* Γ' 
TABLE II 
Some chemical characteristics of the media (μ mol I'1) 
NH/ NO,- PO,3" К* Ca" Mg2+ Na* СГ SO«'" 
Basic medium 3 2 0.2 22 10 50 600 650 40 
Medium A: addition of 1 mM NaHCOjjpH 7.3—7.6 
Medium В : addition of 1 mM NaHCO, ; acidified down to pH 4.5 
Experiments 
Two kinds of experiments were performed. In Experiment 1, all eight 
species were used in order to study the uptake of both ammonium and 
nitrate. After acclimatization in the nitrogen-poor medium, uptake was 
studied by using medium A, containing 50 μΜ NH4NO3, for the soft water 
species and an equal N-containing medium В for the acid water species. 
Experiment 2 was performed to study the effect of different incubation 
treatments on the uptake of ammonium and nitrate by Littorella uniflora, 
Luronium nutans, Echinodorus ranunculoides, Juncus bulbosas and Agrostis 
canina. After the acclimatization period, all plants were incubated for 7 days 
in medium A or В containing: 50 μΜ NH4CI (A), 50 juM NaNOs (B) or no 
nitrogen (C) and subsequently exposed to the medium used in Experiment 1. 
In both experiments, nitrogen uptake was measured during 4 days. Addi­
tional experiments showed that after 4 days the uptake level did not alter 
anymore. A scheme of the experiments is presented below. 
Experiment 1 
Acclimatization ^ Uptake measurements 
for 3 weeks during 4 days in 
m N poor medium 50 μΜ NHjNOj 
^ . Experiment 2 / 
7 days incubation treatments in 
5 0 μ Μ Ν Η 4 α (A) 
SQ^MNaNO] (BI 
N free (С) 
Both acclimatization and incubation were performed in a climate chamber 
with a permanent temperature of 20oC and a light/dark regime of 16/8 h at 
a light intensity of 34 μ E m'2 s"1. 
Nitrogen uptake 
The nitrogen uptake of the rooted plants has been studied by means of 
a glass incubation chamber as shown in Fig. 1. With this set-up it is possible 
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to measure the uptake by both leaves and roots simultaneously and separate-
ly. The volume of the upper and lower compartment is 45 and 55 cm3, 
respectively. The lower compartment was painted black to prevent any in-
fluence of light on the activity of the roots. Plants were set tight in the 
septum using plaster and agar. Uptake measurements of the rootless species 
Sphagnum flexuosum and Drepanocladus flu it ans were performed in 2-1 per-
spex aquaria. 
Nitrogen uptake was studied semi-continuously during 4 days as the 
nitrogen-containing medium was refreshed sifter each day. 
Daily uptake was calculated from the decrease in the nitrogen concentra-
tion after each day. In all experiments, four replicates were used except for 
the rootless species of which only two replicates were studied. After these 
Fig. 1. Glass incubation chamber for nitrogen uptake experiments, with: (A) parafilm 
sealing; (B) darkened tube for pressure correction; (C) upper (leaf) compartment; (D) in-
cubated plant species;(E) perspex septum, (F) darkened lower (root) compartment. 
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experiments, all plants were dried during 24 h at 105oC to determine the dry 
weight. 
It was checked that no diffusion of nitrogen took place across the perspex 
septum with agar or plaster. Reference experiments, without plants, showed 
that no nitrogen loss occurred as a result of other processes. 
Chemical analysis 
pH measurements were carried out with a Metrohm E 488 pH meter and 
a model E A 152 combined pH electrode. Alkalinity was measured by titra­
tion of 100-ml samples with 0.01 N HCl down to pH 4.2. After these mea­
surements, samples were filtered over a Whatman GF/C filter (1.2 μΜ), fixed 
with 0.5 ml HgCl2 solution (200 mg HgCl2 Γ1) per 100 ml, and stored at 
-27ÜC until analysis. Samples of the nitrogen uptake solutions were directly 
frozen after each experiment. 
Potassium and sodium were determined flame-photometrically following 
Technicon I Auto Analyser Methodology. Ammonium, nitrate, chloride 
and orthophosphate were determined colorimetrically using a Technicon II 
Auto Analyser: NH/ according to Grashoff and Johannsen (1977); NCV 
according to Kamphake et al. (1967); СГ according to O'Brien (1962) and 
PO43" as described by Stanley and Richardson (1970). Sulphate was deter­
mined turbidimetrically according to Technicon Methodology. A Beekman 
model 1272 Atomic Absorption Spectrophotometer was used to measure 
calcium and magnesium. 
RESULTS 
The results of Experiment 1 are presented in Figs. 2, 3 and 4. All data are 
based on the uptake rate during the fourth day in a medium containing 
50 μΜ NH4NO3. All species, except Sphagnum flexuosum, utilize both 
NH4+ and NO3" as N source, but the contribution of both N forms differs. 
It is clear from Fig. 2A that the uptake rate of Echinodorus ranunculoides 
and Luronium natans is relatively high compared to the other soft-water 
species; whereas Lobelia dortmanna shows a very low uptake rate. The very 
high and low uptake rates of, respectively, Agrostis canina and Sphagnum 
flexuosum (fig. 2B) are remarkable. Similar nitrogen concentrations in the 
upper and lower compartment result in comparable uptake rates of leaves 
and roots for each rooted plant. The relative contribution of ammonium and 
nitrate in the nitrogen uptake of the whole plant is shown in Fig. 3. The up­
take rates of leaves and roots have been combined because no clear dif­
ferences were present between the uptake at both sites. When ammonium 
and nitrate are offered in equal amounts, nitrate dominates (63—73%) nitro­
gen uptake for all soft-water species. For the acid water species, however, 
ammonium uptake dominates strongly, up to 85—90%. No nitrate utilization 
could be established for Sphagnum flexuosum. 
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Figure 4 shows the importance of leaves and roots in the nitrogen (ammo­
nium + nitrate) uptake. The relative contribution is calculated from the total 
biomass of both the leaf and root system. Agrostis canina, as well as «/uncus 
bulbosus, predominantly (71 and 82%, respectively) use the leaves as the up­
take site, whereas the roots contribute the major part in the N uptake of the 
soft-water species. Lobelia dortmanna and Littorella uniflora obtain 83% of 
the nitrogen needed by the roots. Differences in the contribution of roots 
and leaves can be ascribed to differences in the biomass of the root and leaf 
system of each species. 
The effect of three different nitrogen incubation treatments on the uptake 
of ammonium and nitrate during 4 days is shown in Figs. 5 and 6. Leaves 
and roots show very similar uptake rates when equal concentrations of 
N-uptake 
llimol g'Ow day"1) 
Fig. 2. Ammonium and nitrate uptake (+S.D.) by leaves and roots during the fourth day 
in a 50 мтоі Γ1 ΝΗ,ΝΟ,-containing medium (Experiment 1). (A) species originating from 
poorly buffered, nitrogen-poor waters; (B) species collected from acid, nitrogen-enriched 
waters (vv : no uptake measured). 
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NH4NO3 are present in both compartments. Again, there are important dif-
ferences between the species originating from low-alkaline, nutrient-poor 
waters and those from acid, ammonium-enriched pools. Particularly, the 
Sphagnum flexuosum 
Juncus bulbosus 
Orepanocladus 
fluitans 
Agrost is canina 
Lobelia dort manna 
Echmodorus 
ranunculoides 
Luromum natans 
Littorella uniflora 
50 
N0, • 
] 
100 % 
Fig. 3. Relative contribution (%) of ammonium and nitrate in the N uptake. Percentages 
are an average of the uptake by roots and leaves (for the rooted species). 
Juncus bulbosus 
Agrostis canina 
Luromum natans 
Echmodorus 
ranunculoides 
Lobelia dortmanna 
Littorella uniflora 
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Fig. 4. Relative contribution (%) of leaves and roots in the N uptake. Percentages are 
calculated from the uptake rate and biomass 
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pathways for ammonium and nitrate uptake are different. After incubation 
in NH4+-contaming medium, Littorella uniflora, Luronium natans and 
Echinodorus ranunculoides show at first an ammonium-dominated N uptake, 
but this NH/ uptake decreases with time, while NO3" uptake increases (Fig. 
5A). Apparently, nitrate uptake is stimulated in the presence of МН4МОз at 
N-uptake 
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Fig. 6. Uptake of ammonium and nitrate by leaves and roots οι J. bulbosus and A. canina 
during 4 days in a 50 μ mol Γ1 NH4NO,-containing medium, after three different nitrogen 
incubations (Experiment 2). (A) incubation medium containing 50 μιηοΐ Γ1 NH4C1;(B) 
incubation medium containing 50 μ mol Г1 №МОз ; (С) N-free incubation. 
Fig. 5. Uptake of ammonium and nitrate by leaves and roots of L. uniflora, L. natans and 
E. ranunculoides during 4 days in a 50 μηιοί Γ1 NH4NOj-containing medium after three 
different nitrogen incubations (Experiment 2). (A) incubation medium containing 
50 μιηοΐ Γ' NH4C1; (В) incubation medium containing 5 0 μ m o l Γ , NaN0 3; (C) N-free 
incubation medium. 
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the expense of ammonium uptake. Nitrate incubation causes a nitrate-
dominated N uptake which remains at a constant level during 4 days (Fig. 
5B). After 7 days N starvation, first ammonium is taken up at a much higher 
rate than nitrate. During the 4 days of the experiment, ammonium uptake 
decreases strongly, while nitrate uptake increases (Fig. 5C). Thus, both the 
N-free and NH4+ incubations cause a NH4+-dominated nitrogen uptake during 
the first 2 days. However, after 3 days in NH4N03-containing medium, 
nitrate uptake exceeds ammonium uptake. This can be explained by induc­
tion of the nitrate reductase system in the presence of nitrate. Apparently, in 
species from soft waters this ability of nitrate uptake is activated rapidly. 
After nitrate incubation, the nitrate reductase system is responsible for the 
immediately high uptake of nitrate. After all incubation treatments, the 
nitrogen uptake of these species is characterized by a dominance of nitrate. 
The nitrogen uptake of Juncus bulbosus and prosi le canina, both ori­
ginating from acid waters, shows a very distinct pathway (Fig. 6). After all 
incubation treatments, ammonium uptake dominates and remains at a con­
stant high level during the 4 days of the experiment when NH4NO3 is offered. 
In contrast to ammonium, the pathway of nitrate uptake differs between the 
incubation treatments А, В and C. After N-free and NH4+ incubation (nitrate 
free) nitrate uptake increases slowly in the presence of NH4NO3 (Fig. 6A and 
C). After nitrate incubation, nitrate uptake is somewhat higher, but de­
creases rapidly (Fig. 6B). For these species also, nitrate reductase activity 
will be induced in the presence of nitrate, but does not lead to a nitrate-
dominated N uptake when NH4NO3 is offered. All results indicate that for 
Juncus bulbosus and Agrostis canina, ammonium appears to be the nitrogen 
form which can be used most easily. Apparently the utilization of nitrate is 
of minor importance. 
DISCUSSION 
The plant species studied can be divided into two groups which both have 
typical nitrogen uptake characteristics (Figs. 2 and 3). The first group con­
cerns Littorella uniflora. Lobelia dortmanna, Luronium natans and Echino-
dorus ranunculoides which all have a nitrate-dominated nitrogen utilization. 
The second group is formed by Juncus bulbosus, Sphagnum flexuosum, 
Agrostis canina and Drepanocladus fluitans. For these species, ammonium 
appears to be the most important nitrogen source. Roelofs et al. (1984) de­
monstrated that these differences cannot be ascribed to differences in pH 
and alkalinity. Since all species were acclimatized under similar nitrogen 
conditions the distinction into two groups is based on different abilities in 
ammonium and/or nitrate utilization. This different genotypically fixed 
adaptation to environmental nitrogen conditions is elucidated by Experi­
ment 2 (Figs. 5 and 6). After N starvation, all species utilize ammonium at a 
high rate during the first 2 days. However, after this period total uptake of 
nitrogen decreases rapidly for Littorella uniflora, Luronium natans and 
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Echinodorus ranunculoides, while nitrogen uptake remains high during the 
4 days of the experiment for Juncus bulbosus and Agrostis canina. This leads 
to the assumption that soft-water species are rapidly saturated and do not 
need nitrogen in large quantities for survival and growth. Culture experi­
ments (Roelofs et al., 1984) support this assumption as ammonium concen­
trations > 5 μ mol Γ1 did not stimulate growth. On the contrary, both Juncus 
bulbosus and Agrostis canina absorb large quantities continuously after all 
incubation treatments. This indicates that the presence of ammonium may 
benefit these species, which is supported by the observations of Roelofs et 
al. (1984). In culture experiments, ammonium concentrations > 50 μ mol Γ1 
lead to a strong increase in the biomass of Juncus bulbosus and Sphagnum 
cuspidatum Ehrh. Although ammonium is the most important N source for 
Juncus bulbosus and Agrostis canina, both species are able to use nitrate at a 
low rate. After nitrate starvation, nitrate is used only after 1 day. This lag 
period of 1 day has also been observed in Lemna minor L. (Kopp et al., 
1974) and is due to the time necessary to induce the nitrate reductase sys­
tem which enables plants to utilize nitrate. 
Littorella uniflora, Luronium natans and Echinodorus ranunculoides al­
ready use nitrate during the first day after each incubation treatment. Al­
though nitrogen uptake is relatively low, after nitrate starvation the utiliza­
tion of nitrate rapidly exceeds ammonium uptake. Nitrate incubation in 
these species leads to a nitrate-dominated N uptake, whereas nitrate uptake 
is of minor importance for Juncus bulbosus and Agrostis canina. All these 
observations demonstrate that the soft-water species possess a well developed 
nitrate reductase system in contrast to the acid-tolerant species. This special 
ability enables the soft-water species to grow well when nitrate is the most 
available N source. However, Melzer (1980) established that amongst plants 
which grow in nitrate-rich, but ammonium-poor waters there are also species 
with low nitrate reductase activities. 
Ammonium is more easily assimilated and as a consequence is generally 
used first by most plant species (Bidwell, 1974). The present study demon­
strates that Juncus bulbosus. Sphagnum flexuosum, Agrostis canina and 
Drepanocladus fluitans possess this common nitrogen utilization ability. 
This has also been established for Lemna minor L. (Kopp et al., 1974), 
Spirodela oligorrhiza (Kurz) Hegelmaier (Ferguson and Bollard, 1969), 
Fontinalis antipyretica L. (Schwoerbel and Tilmanns, 1974) and some 
planktonic freshwater algae, e.g., Chlorella sp. (Schuler et al., 1953). All these 
species are usually present in waters with high ammonium levels. Melzer 
(1980) established that several of such species have low nitrate reductase 
activities. Transplantation of these plants to nitrate-dominated waters did 
not enhance nitrate reductase activity. Melzer emphasized that these species 
may not survive in these waters due to N starvation. Probably, similar 
assumptions may account for the absence of submerged Juncus bulbosus, 
Agrostis canina. Sphagnum flexuosum and Drepanocladus fluitans in nitrate-
dominated nitrogen-poor waters. 
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Some isoetids (Littorella uniflora, Lobelia dortmanna and Isoetes lacustris 
L.) and other aquatic plants {Luronium natans and Echinodorus ranuncu-
loides), however, are often abundant under these conditions in poorly 
buffered (soft) waters (Hutchinson, 1975; Aimer et al., 1978; Sand-Jensen 
and S0ndergaard, 1979; Hendrey, 1982; Roelofs, 1983). The ability to grow 
well depends on several typical adaptations which enable them to survive at 
very low inorganic carbon concentrations. For isoetids particularly, the root 
system is important as it absorbs free COj and has a high oxygen release 
(Wium-Andersen, 1971; S0ndergaard and Sand-Jensen, 1979; Sand-Jensen et 
al., 1982; Roelofs et al., 1984). In addition, the present study shows that for 
Littorella uniflora, Luronium natans and Echinodorus ranunculoides the 
root system also functions as the most important uptake site for nitrogen, 
i.e., nitrate. Due to the high oxygen release by the roots the conversion of 
nitrogen compounds to nitrate in the sediment will be stimulated, which 
benefits the utilization of nitrate by the roots. Therefore, it is obvious that 
this nitrate-dominated nitrogen uptake by the roots is an important adapta-
tion to survive the extreme, low nitrogen levels of many soft waters. Changes 
in nitrogen conditions of these waters, e.g., as a result of inhibition of the 
nitrification process by acidification affects these species adversely. Roelofs 
et al. (1984) demonstrated in culture experiments that the presence of 
ammonium inhibits growth of Littorella uniflora, which may be caused by 
potassium deficiency. 
In contrast to the soft-water species, Juncus bulbosus. Sphagnum flexuo-
sum, Agrostis canina and Drepanocladus fluitans often occur in dense stands 
in acidified ammonium-enriched soft waters (Roelofs, 1983; Roelofs and 
Schuurkes, 1983; Leuven and Schuurkes, 1985). The present study demon-
strates that the leaves of these species are the most important uptake site of 
ammonium. Ammonium enrichment of the water layer may thus stimulate 
growth and enables these species to form dense stands. 
In the southern and eastern part of The Netherlands, deposition of air-
borne ammonium sulphate is the most important source for acidification of 
lentie soft waters (Schuurkes, 1986). The high atmospheric deposition of 
ammonia together with the inhibition of the nitrification process at low pH, 
results in an accumulation of ammonium in acidifying waters. This alteration 
in the nitrogen condition leads to a luxuriant growth of acid-tolerant nitro-
philous plants when other nutrients are not limiting. Roelofs et al. (1984) 
pointed out that the changes in aquatic plant communities of acidifying 
Dutch soft waters are primarily caused by changed carbon budgets of those 
waters. The present study, however, shows that increased ammonium con-
centrations additionally account for the suppression of typical soft-water 
communities with Littorella uniflora. Lobelia dortmanna and Luronium 
natans by communities dominated by the cyperid Juncus bulbosus and/or 
mosses such as Sphagnum flexuosum. 
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The results of the experiments presented m chapters 2 to 7 emphasize 
causal and dose-effect relations between atmospheric deposition on the one 
hand, and changes in water quality (acidification) and shifts in aquatic 
plant communities on the other hand Comparable processes could be 
demonstrated in the biological active zone of Dutch shallow soft waters with 
a precipitation dominated hydrology This chapter summarizes some 
conclusions with respect to the overall problems of acidification of such 
waters m The Netherlands There is only since recently more or less 
agreement on the fact that the causes, extent and effects of water 
acidification m The Netherlands differ considerably from the situation in the 
Scandinavian countries. Northern U S A and Canada Two reasons 
underly this difference One is the very high emission density of ammonia 
resulting from the production and use of animal manure Particularly in the 
southern and eastern parts of the country atmospheric deposition is 
severely polluted with ammonia compounds Most of the shallow soft water 
systems are situated within this region, where the soil is very poor m 
carbonate and nutrients The second difference concerns the 
geomorphological and hydrological conditions of the sensitive waters (see 
chapter 1) Permanent in- or outlets of water are usually missing and ram 
water forms the primary and direct source of water supply 
In some southern areas m The Netherlands the quantity of ammonium and 
sulphate present m bulk precipitation is 1 5 to 4 times higher than in the 
northern coastal island Terschelling Moreover, precipitation is markedly 
less acidic These differences are caused by the very high emission of 
gaseous ammonia (NhU) into the air as a result of animal manure production 
m the f i rs t mentioned areas NHU reacts wi th, and neutralizes, acid 
compounds m the atmosphere by forming ammonium sulphate In the 
southern areas 70 to 90% of the atmospheric deposition of nitrogen consists 
of NH compounds The total atmospheric NH load of an open water 
surface amounts up to 62 kg N/ha/year Ammonium is the dominant form of 
nitrogen m wet deposition which, together with sulphate, falls on and 
enters surface waters (chapter 2) This does not mean that other 
atmospheric components are not important regarding possible effects 
Three types of experiments, conducted under natural, semi-natural and 
laboratory conditions (chapters 3 and 6), revealed that ammonium sulphate 
m precipitation has the potential to acidify water and sediment Particularly 
nitrif ication of ammonium is involved m acidification if pH of water and 
sediment is circumneutral, and the sediment consists of mineral sand 
Under natural conditions, viz a soft water overlying an oxidized sediment 
which is covered by a submerged stand of Littorella uniflora, the net 
acidification efficiency of ammonium sulphate was 1320o This implicates that 
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the consumption of 1 mol ammonium-ions by the system results in a net acid 
increase of 1.32 mol H -ions. Moreover, the greenhouse experiment 
(chapter 6) showed that, despite the semi-natural conditions, spray 
application of ammonium sulphate enhanced the acidification process if 
compared to additions containing sulphuric acid only. Extrapolation of this 
experimentally obtained information to effects of precipitation containing 
significant amounts of ammonium sulphate, reveals that the potential 
acidifying influence (acid plus twice the amount of ammonium) may only be 
regarded as an absolute maximum. The presented net acidification efficiency 
provides a better and more reliable base of predicting the acidifying impact 
of ammonium sulphate in natural waters. It is plausible from these 
experiments that the environmental conditions which originally prevailed in 
many of the recently acidified soft water systems have been favourable to 
those biochemical processes which underly the acidifying influence of 
ammonium sulphate. A considerable external supply of this compound by 
atmospheric deposition appears to accelarate the acidification process to an 
extent in which the water becomes more acid than might be expected from 
pH of precipitation. 
Under natural conditions in acid waters with pH<5 and a partly decaying 
layer of Sphagnum, the net acidification efficiency of ammonium sulphate 
was very low, only 22%. Process-orientated experiments showed that under 
acid conditions with pH values below 4.5 the nitrification process is 
strongly inhibited, resulting in an accumulation of ammonium (chapters 3 
and 6). This ammonium may partly be used by other biological or chemical 
processes. Nevertheless, the greenhouse experiment showed that a 
continuous supply of ca 40 kg ammonium-N/ha/yr to the acidified artificial 
ponds dominated by a dense mat of Sphagnum and Juncus bulbosus resulted 
in ammonium enrichment of water and sediment, while a further acidification 
was inhibited. The actual conditions of most of the nowadays acidic waters 
in the field exhibit are more or less similar. In these waters the 
concentrations of ammonium are generally enhanced, with ammonium being 
the dominant form of nitrogen. This connection of acidification and 
ammonium accumulation, supported by experiments as well as field 
observations, stresses that ammonium-induced acidification processes plays 
an important role in the Dutch water acidification problems. 
Focusing on the favourable conditions for acidifying nitrogen conversions 
does not mean that sulphate-related processes are not involved in 
acidification of surface waters. The most important way by which an 
external supply of sulphate is taken up in the cycling of elements in 
aquatic systems is sulphate reduction. This microbial conversion utilizes 
H -ions (acid) or produces alkalinity, and thus has the potential to 
-145-
neutralize "acid ram". This alkalmizmg effect, however, is only noticeable 
if the major part of the produced sulphides is fixed or remains m a reduced 
form, such as FeS or orgamc-S. This inhibits the process of oxidation of 
sulphides, which rapidly acidifies water and sediment if oxygen is 
abundantly present. In shallow lakes with fluctuating water levels, the 
sediment-water interface may become partly oxygenated in times of drought. 
During this period sulphide oxidation may be involved m a short-term 
acidification of water and sediment. Under such conditions only the free or 
easily soluble sulphides (also resulting from putrefaction) will be rapidly 
oxidized. As a consequence, the significance of this acidifying process is 
probably of minor importance m the long term acidification process of soft 
waters. Despite the potential of mineral sandy sediments to reduce sulphate 
(chapters 4 and 5) , the major part of the Dutch soft waters having 
originally such sedimentary conditions, acidified during the last decades. 
This implicates that the internal sulphate reduction, producing alkalinity, 
has been insufficient to counteract the acidification process resulting from 
atmospheric deposition of acid, nitrogen and sulphur. The generally 
prevailing circumneutral redox-conditions of the sediments were 
unfavourable for anaerobic sulphate reduction. Moreover, the low organic 
matter content of the mineral sandy sediment acted as an important limiting 
factor. On the other hand, sulphate reduction m the upper sediment layer 
may also have been inhibited by the presence of nitrate as most of the 
susceptible waters situated in agricultural regions are exposed to a regular 
external supply of nitrate 
Under natural conditions acidification of soft water sediments is 
accompanied with increasing amounts of partly decayed organic matter. 
Despite the inhibiting effect of short-term experimental acidification, the 
sulphate reduction capacity is highest for acid sediments relatively rich m 
organic matter. In such sediments there is still a significant capacity to 
reduce sulphate at pH values as low as 4 or 5. A possible reason for the 
smaller effect of acidification on sulphate reduction m the acid sediments 
under field conditions is that the sulphate reducing bacterial population 
adapted to the acid conditions of the sediment. In acidified waters this is 
important in combatting external inputs of acidifying sulphate compounds 
The counteracting effect of increasing amounts of organic matter on the 
inhibition of sulphate reduction by acidification emphasizes the importance of 
organic matter above pH if no other limiting factors are present. Field 
observations on water chemistry indicate this phenomenon as acidification is 
generally accompanied by decreasing concentrations of sulphate in the water 
layer. Moreover, it is important to notice that sulphate concentrations in 
acidifying soft waters cannot be directly related to an enhanced supply of 
atmospheric sulphur. 
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Experimental acidification of small-scale soft water systems by spray 
application of synthetic rain solutions showed that water quality 
development, resulting from acidification, depends largely on the type of 
sediment (chapter 6 ) . A positive causal relation was established between 
acidification of aquatic systems with a very sensitive pleistocene mineral 
sandy sediment, and increased concentrations of metal-ions (aluminium, 
cadmium, zinc, iron and manganese) and the base-cations calcium and 
magnesium. The level of acidification determined the concentrations of these 
ions in the water. Comparable trends have been observed in acidifying 
natural shallow soft water systems (chapter 1 ) . The pH of rain is not of 
paramount importance in determining the concentrations of these ions. 
A considerable external supply of ammonium compounds has also 
consequences for the presence and vitality of macrophytes which usually 
grow in shallow soft waters. Spray application of ammonium sulphate 
solutions, resulting in acidification as well as ammonium enrichment, 
adversely affected the development and growth of Littorella uniflora, 
Luronium natans and Pllularla globullfera (chapter 6 ) . These species are 
typical of soft waters with very low nitrogen concentrations and acidification 
per sé does not negatively affect growth. The same conditions lead to a 
luxuriant growth of Juncus bulbosas. Sphagnum cuspidatum and Agrostis 
canina, macrophytes which are often observed in dense stands in acid 
waters. This stresses the role of ammonium as an eutrophicating compound. 
A continuous supply of ammonium-nitrogen in acidic waters strongly 
stimulates the growth of these fast growing plants, and thus may be of 
competitive advantage to them. The expansion of Juncus bulbosus, 
Sphagnum cuspidatum and Agrostis canina in ammonium enriched systems 
suppresses the slowly growing soft water plants, which are not able to 
profit from these changes in nitrogen household. These experimentally 
established changes in aquatic vegetation correspond with historical shifts 
in recently acidified soft waters (chapter 1 ) , where typical soft-water 
communities with Littorella uniflora. Lobelia dortmanna and Luronium natans 
are replaced by communities dominated by the cyperid Juncus bulbosus 
and/or mosses such as Sphagnum flexuosum. This shift in aquatic 
vegetation appears to be closely linked to the different ability of the 
species to consume ammonium and nitrate as was experimentally shown in 
chapter 7. Typical soft water species such as Littorella uniflora. Lobelia 
dortmanna, Luronium natans and Echinodorus ranunculoides do not need 
nitrogen in large quantities for survival and growth, and have a specific 
nitrate-dominated nitrogen uptake. On the contrary, ammonium is the 
primary nitrogen source for the "acid water" species Juncus bulbosus, 
Sphagnum flexuosum, Agrostis canina and Drepanocladus fluitans. This 
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difference in nitrogen uptake enables the latter group of plants to profit 
from the ammonium saturated nitrogen conditions m acidic waters 
The experimentally supported changes m water quality (acidification, 
ammonium enrichment and increased metal concentrations) and flora 
(disappearance of soft water species and expansion of acid-tolerant species) 
as a result of a high external supply of ammonium sulphate, correspond 
remarkably well with the historical changes and geographical variation m 
chemistry and vegetation of the nowadays strongly acidified waters in NH, 
affected areas in The Netherlands (chapters 1 , 2 , 3, 5, 6 and 7). These 
similarities stress that the actual atmospheric deposition of ammonium 
compounds has been of quantitative importance in the decline of sensitive 
aquatic ecosystems. Moreover, this partly accounts for the extremely low pH 
values (below 4.5) of most of the acidified waters m The Netherlands. 
These are much lower than might be expected from the pH of precipitation. 
In the Scandinavian countries where atmospheric deposition merely contains 
sulphuric and nitric acids, the time-related effects on water quality and 
vegetation are less severe. Here, the pH values of acidified surface waters 
are usually higher than 4.5 and the level of acidification is directly related 
to the acidity present m precipitation. Focusing on sulphuric and nitric 
acids in precipitation alone, however, can be insufficient to obtain an 
overall picture of the causes and effects of water acidification. It is 
necessary to pay internationally more attention to the role of airborne 
ammonium compounds as a factor which adversely affects the natural 
functioning of oligotrophic soft waters with a high geologic, hydrologie and 
vegetational sensitivity. This may be of particular importance if 
precipitation contains a significant quantity of ammonium compounds. 
The results of the greenhouse experiment (chapter 6) were used to 
determine dose-effect relations which provide a base for the assessment of 
limit values for the external load of acid and nitrogen on shallow and clear 
soft water lakes. In order to prevent significant chemical changes (pH, 
alkalinity, nitrogen, sulphur, base-cations and metal-ions) of surface waters 
situated in a sensitive sandy setting, the input of effective acid should not 
exceed 250 mol H /ha/уг. This value corresponds with, and may be 
attr ibuted to, the acid neutralizing capacity of the most sensitive geologic 
deposits m northwestern Europe (chapter 1). The acceptable level for the 
total nitrogen load of shallow soft waters, dominated by a "Littorelhon" 
vegetation, was determined at 19 4 kg N/ha/yr. This supply of nitrogen 
may be regarded to be acceptable as neither nitrogen saturation, nor 
significant vegetational changes occurred If this quantity of nitrogen 
mainly consists of ammonium compounds, the effective acidifying influence of 
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these will exceed the acceptable total input of acid. Therefore, this limit 
value for nitrogen primarily provides a base to prevent eutroph¡cation 
induced vegetational changes in acidified waters. 
These experimental deposition data on acid and nitrogen correspond fairly 
good with empirical and experimental data and model studies on critical 
deposition loads for sensitive environments of northern and western Europe. 
Nevertheless, the mentioned limit values are only applicable for the type of 
susceptible oligotrophic soft waters as described in chapters 1 and 6. For 
the survival of the biocoenoses of these waters it is necessary that the 
external supply of acid and nitrogen ( e . g . by atmospheric deposition) does 
not exceed 250 mol H and 19.4 kg N /ha /y r . This means that the actual 
atmospheric deposition of these components in The Netherlands is far too 
high in order to combat a further decline of the communities of these 
vulnerable aquatic ecosystems. 
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SAMENVATTING 
"Verzuring van oppervlaktewateren door atmosferische neerslag" 
In dit proefschrift wordt een experimentele onderbouwing gegeven van 
een aantal aspecten van de relatie tussen verzurende atmosferische neerslag 
("zure regen") en de waargenomen verzuring van kalkarme 
oppervlaktewateren in Nederland. Oorzaken en effecten van waterverzuring, 
alsmede de onderliggende chemische processen, werden door middel van 
verschillende typen experimenten op het laboratorium en in het veld 
bestudeerd. Met de gebruikte onderzoeksopzet kunnen oorzakelijke 
verbanden worden vastgesteld met betrekking tot de verklaring van de 
gevolgen van "zure regen" voor de waterkwaliteit en de daarmee 
samenhangende effecten op waterplanten. De aanwezige informatie over dit 
fenomeen van de zure regen problematiek was bij de aanvang van het 
onderzoek zeer beperkt. De bij waterverzuring van belang zijnde oorzaken, 
effecten en onderliggende processen waren voor het merendeel slechts in 
hypothesen geformuleerd. Het overheidsbeleid inzake de bestrijding van de 
zure regen stelde bovendien belang in het verkri jgen van informatie over 
aanvaardbare depositieniveaus van verzurende stoffen om tot een 
normstelling voor bepaalde luchtverontreinigende stoffen te kunnen komen. 
Daarom werden beregeningsexperimenten uitgevoerd waaruit dosis-effect 
relaties bepaald konden worden. 
Hoofdstuk 1 gaat in op de stand van kennis bij de aanvang van het 
onderzoek in 1983. Het verschijnsel van de waterverzuring werd toen reeds 
gedurende een aantal jaren onderkend. De typen oppervlaktewateren die 
gevoelig zijn voor verzuring worden beschreven. Tevens wordt een 
toelichting gegeven op de in dit proefschrift gevolgde onderzoekslijn. De 
meeste verzuurde wateren bevinden zich op de hoger gelegen arme 
zandgronden in het zuiden en oosten van ons land. Deze geologische 
afzettingen uit het pleistocene ti jdperk zijn zeer arm aan voedingsstoffen, 
kalk en andere zuurneutraliserende componenten. De meeste wateren die 
hier van oorsprong voorkomen zijn relatief kleine en ondiepe, stilstaande 
plassen, meren, poelen en vennen. Door de geïsoleerde ligging zijn ze voor 
hun watervoorziening hoofdzakelijk afhankelijk van de directe toevoer van 
regenwater. Deze eigenschappen zorgen ervoor dat dergelijke wateren van 
nature helder, zwak zuur, zwak gebufferd, en arm aan voedingsstoffen en 
zouten zi jn, met een minerale zandige ondergrond. Veel van deze wateren 
worden van oorsprong gekarakteriseerd worden door waterplanten uit het 
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oeverkruidverbond De extreme gevoeligheid van deze aquatische 
ecosystemen voor verstoring van velerlei aard wordt weerspiegeld in het feit 
dat de laatste decennia het merendeel van deze wateren verstoord is door 
eutrofiëring (verr i jk ing met voedingsstoffen) en/of verzuring Dit laatste 
had tot gevolg dat verschillende karakteristieke waterplanten op grote 
schaal verdwenen en dat het sediment werd verr i jk t met organisch 
materiaal Tevens geeft dit aan dat de toegenomen atmosferische depositie 
van verzurende stoffen m dezelfde periode mogelijk een rol heeft gespeeld 
Uit bestaande regenwatermetingen kon worden afgeleid dat de samenstelling 
van de "zure regen" op veel plaatsen m de hierboven beschreven gebieden 
nogal afweek van de rest van het land De extreem hoge ammomak-emissie 
veroorzaakt door de produktie en het gebruik van dierlijke mest was 
hiervoor in belangrijke mate verantwoordelijk Dit geografische verband 
vormde, tezamen met de genoemde historische veranderingen, de basis van 
het onderzoek naar de rol van de neerslagsamenstelling bij de schadelijke 
gevolgen van "zure regen" voor waterkwaliteit en waterplanten van de 
geologisch, hydrologisch en biologisch meest gevoelige wateren m 
Nederland. 
Hoofdstuk 2 beschrijft een onderzoek naar de chemische samenstelling van 
de neerslag gedurende 1983, 1984 en 1985 m gebieden met een hoge 
emissiedichtheid van ammoniak Met name binnen een afstand van 1 km 
vanaf een brongebied was de neerslag, verzameld met een open 
regenvanger, minder zuur dan op grotere afstand Daarentegen bevatte de 
neerslag veel meer ammonium en sulfaat Dit geldt eveneens, zij het in 
mindere mate, voor delen van Noord-Brabant en Limburg ten opzichte van 
het eiland Terschelling In eerstgenoemde gebieden is de hoeveelheid 
ammonium en sulfaat in de neerslag ca 1 5 tot 4 maal zo hoog als op 
Terschelling; de aanvoer van stikstof via de neerslag bestaat voor 70 tot 
90° uit NH verbindingen Deze opmerkelijke verschillen worden 
veroorzaakt door de hogere ammoniak uitstoot waardoor het zuur m de 
neerslag, dat in deze strpek met name gevormd wordt door zwaveldioxide m 
de lucht, neutraliseert onder vorming van ammoniumsulfaat In feite 
versterkt de emissie van ammoniak de atmosferische neerslag van zowel 
ammonium als sulfaat In zeer sterk belaste gebieden bedroeg de totale 
depositie van NH verbindingen op een zuur open wateroppervlak maximaal 
62 kg stikstof per hectare per jaar Ammoniumsulfaat is m deze gebieden 
dan ook de belangrijkste stikstofverbinding van het neerslagwater waarmee 
hydrologisch geïsoleerde wateren gevoed worden 
Het correlatieve geografische verband tussen de hoge concentraties van 
ammoniumsulfaat in de neerslag en de aanwezigheid van verzuurde kalkarme 
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wateren vormde de basis voor het onderzoek dat behandeld wordt m 
hoofdstuk 3 (en hoofdstuk 6) De invloed van ammomumsulfaat op de 
ontwikkeling van de waterkwaliteit, en de daarbij behorende chemische 
omzettingen, werden m het laboratorium bestudeerd Experimenten met 
sediment-water kolommen toonden dat ammomumsulfaat een sterk verzurend 
effect heeft In circumneutraal en bicarbonaat-arm water boven kalkarm 
mineraal zand was de zuurproduktie maximaal en werd volledig verklaard 
door het mtrificatieproces 
NH4+ + 202 ==> 2H+ + NO3" • H20 
Zure omstandigheden remmen dit proces waardoor het aanwezige ammonium 
ophoopt BIJ pH waarden tussen 3.7 en 4 5 daalt de mate van mtrificatie tot 
14% De verzurende invloed van ammomumsulfaat vermindert eveneens 
wanneer er stikstofopname plaatsvindt door algen, en bij sterk reducerende 
organische sedimenten Onder de laatste omstandigheden zijn demtrificatie 
en sulfaatreductie de belangrijkste zuurneutraliserende of alkalmiserende 
biochemische processen (zie ook hoofdstuk 1) Experimenten in kalkarme 
wateren met behulp van cylinders ("enclosures") lieten zien dat onder 
natuurlijke omstandigheden vergelijkbare processen en effecten aantoonbaar 
waren Toevoeging van ammomumsulfaat aan een circumneutraal zwak 
gebufferd water met een oeverkruidvegetatie leidde tot een netto effectieve 
verzuring van 132% Dit betekent dat in het systeem de biochemische 
omzetting van 1 mol ammomum-ionen 1 32 mol zuur(H ) -ionen oplevert 
Nitrificatie was hierbij het voornaamste zuurvormende proces In een zuur 
water met een gedeeltelijk afgebroken veenmosvegetatie was de netto 
effectieve verzuring veel lager, namelijk slechts 22% Demtrificatie van 
nitraat is onder deze omstandigheden een belangrijk zuurneutraliserend 
proces. 
De interne zuur-base balans wordt met alleen beïnvloed door de toevoer 
van stikstofverbindingen Ook biochemische zwavelomzettmgen zijn van 
belang bij zuurvormmg en/of zuurneutrahsatie In de hoofdstukken 4 en 5 
worden diverse aspecten van zwavelomzettmgen m zandige sedimenten uit 
kalkarme oppervlaktewateren besproken De capaciteit van sedimenten om 
sulfaat te reduceren werd bestudeerd door middel van incubatieproeven in 
infuusflessen De alkalmiserende of zuurneutraliserende invloed van deze 
anaërobe zwavelomzettmg vindt plaats volgens de reactievergelijkmg 
S0 4 2 " + 2CH20 + 2H+ —> H2S • 2H20 + 2C02 
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De oxidatie van het vr i j gevormde sulfide in kalkarme minerale sedimenten 
verzuurde het medium tot een pH van 5.6. De sedimenten legden echter 
meer dan 80% van het door sulfaatreductie gevormde sulfide vast. Hierdoor 
wordt de zuurneutrahserende invloed van sulfaatreductie grotendeels 
behouden. Het is niet aannemelijk dat verzuring door sulfide-oxidatie, bij 
het af en toe kortstondig droogvallen van de bodem, van kwantitatief belang 
is in het lange termijn proces van verzuring van ondiepe kalkarme wateren. 
De aanwezigheid van nitraat m minerale zandige sedimenten remt de 
sulfaatreductie sterk, terwijl gelijktijdige toevoeging van sulfaat en 
organisch materiaal juist stimulerend werken. Onder natuurlijke 
omstandigheden is m minerale sedimenten (organisch stofgehalte minder dan 
2%) organisch materiaal een belangrijke beperkende factor voor 
sulfaatreductie. Ook experimentele verzuring van sedimenten had een 
remmende invloed op de reductie van sulfaat. In zure sedimenten met een 
hoog organisch stofgehalte trad een volledige remming op in het pH-traject 
van 5 naar 3. De gevoeligheid van circumneutrale minerale sedimenten voor 
verzuring is groter; de sulfaatreductie werd al volledig geremd in het 
traject van pH 7 naar pH 5. De sulfaatreductie-capaciteit is in het eerste 
type sedimenten altijd groter dan m het tweede type. De populatie van 
sulfaatreducerende micro-organismen uit zure, relatief sterk organische 
sedimenten l i jkt minder gevoelig te zijn voor lage pH waarden. Het relatief 
hoge organische stofgehalte draagt ertoe bij dat de sulfaatreductie capaciteit 
hoger is dan in circumneutrale minerale sedimenten. Het feit dat de meeste 
geïsoleerde kalkarme wateren met een minerale zandbodem gedurende de 
laatste decennia verzuurd zijn (zie hoofdstuk 1), betekent dat onder de 
heersende omstandigheden de mate van sulfaatreductie onvoldoende is 
geweest om de verzurende invloed van andere processen tegen te gaan. 
Daarentegen is het aannemelijk dat m de momenteel zure wateren met een 
sterk organisch sediment sulfaatreductie een belangrijke rol speelt bij de 
neutralisatie van sulfaathoudende "zure regen". 
Hoofdstuk 6 bespreekt een beregemngsexperiment in een kas met 
mmi-oecosystemen. Deze kleinschalige systemen simuleerden de veldsituatie 
van oorspronkelijk zwak gebufferde voedselarme wateren met een minerale 
zandige ondergrond en de daarin aanwezige water- en oeverplanten. 
Regenoplossingen met zwavelzuur of ammomumsulfaat werden gedurende 22 
maanden toegediend in verschillende doseringen van zuur, stikstof en 
zwavel. Vooral de beregeningen met ammoniumsulfaat beïnvloedden de 
ontwikkeling van de waterkwaliteit en vegetatie opmerkelijk. Er trad een 
sterke en versnelde verzuring op waarbij nitrif icatie van primair belang 
was. De zuurgraad daalde tot waarden ver beneden pH 4 en er trad 
st ikstofverri jking op doordat ammonium accumuleerde als gevolg van 
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stagnerende biochemische omzettingen. Tegelijkertijd verdwenen planten uit 
kalk- en voedselarm milieu (zoals oeverkruid) of werden ze overwoekerd 
door snelgroeiende stikstofmmnende soorten uit zure wateren (knolrus, 
veenmos en kruipend struisgras). Beide ontwikkelingen geven blijk van de 
eutrofierende invloed van een hoge ammomumtoevoer. Zwavelzuur-houdend 
regenwater met pH waarden van 3.5 tot 5.6 had m dezelfde periode geen 
duidelijke invloed op de ontwikkeling van de vegetatie Desalniettemin had 
het regenwater met een pH van 3 5 een duidelijke verzurende invloed op 
het systeem Verzuring van water en sediment leidde in alle gevallen tot 
verhoogde concentraties van calcium en magnesium, en van de metalen ijzer, 
mangaan, aluminium en cadmium. De opgetreden veranderingen m 
waterkwaliteit en vegetatie als gevolg van de toevoer van ammoniumsulfaat 
komen sterk overeen met de veranderingen die als gevolg van verzuring 
opgetreden zijn m het veld (zie hoofdstuk 1). Dit geeft aan dat 
atmosferische depositie van ammomumverbindingen van groot belang is voor 
de verzuring van kalkarme oppervlaktewateren; het verzurmgsproces wordt 
versneld en leidt uiteindelijk tot pH-waarden die veel lager zijn dan op 
grond van de pH van de neerslag verwacht kunnen worden. 
Op basis van de waargenomen dosis-effect relaties werden grenswaarden 
vastgesteld voor de belasting van deze wateren met zuur en stikstof De 
aanvaardbare hoeveelheid zuur, waarbij geen duidelijke veranderingen 
optreden m waterkwaliteit en vegetatie, bedraagt minimaal 250 mol/ha/jaar. 
Het systeem kan een stikstoftoevoer van minimaal 19 4 kg/ha/jaar verwerken 
zonder dat op korte termijn eutrofiëring (stikstofverzadigmg en/of 
woekering van waterplanten) optreedt. Indien deze hoeveelheid stikstof 
echter voor het merendeel uit ammonium bestaat treedt de onwenselijke 
situatie op van een te sterke zuurvormmg Hoewel extrapolatie naar 
natuurlijke veldomstandigheden de nodige beperkingen met zich meebrengt, 
is het opvallend dat vele andere onderzoeken tot vergelijkbare waarden 
komen voor oecosystemen in een kwetsbaar milieu (zie hoofdstukken 1 en 
6). Voor het voortbestaan van de levensgemeenschappen van hydrologisch 
geïsoleerde kalk- en voedselarme wateren m Nederland is het noodzakelijk 
dat de externe toevoer van zuur en stikstof, bijvoorbeeld via atmosferische 
neerslag, de eerdergenoemde waarden niet overschrijdt. De huidige aanvoer 
van verzurende stikstof- en zwavelverbmdingen vanuit de atmosfeer (zie 
hoofdstuk 2) is ontoelaatbaar hoog en zal in de meest kwetsbare gebieden 
op grote schaal een verdere achteruitgang van de reeds verarmde 
oppervlaktewateren veroorzaken. 
Tenslotte gaat hoofdstuk 7 m op het belang van veranderingen in de 
beschikbaarheid van stikstof voor waterplanten m verzurende wateren m 
Nederland. Relatief ongestoorde kalkarme wateren zijn van oorsprong arm 
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aan s t i ks to f , te rw i j l v e r z u r i n g over het algemeen samengaat met een s terke 
toename van ammonium. De st ikstofopname van planten u i t ka lk- en 
voedselarme wateren ( o e v e r k r u i d , water lobe l ia , d r i j vende en kleine 
waterweegbree) en van p lanten die zich goed ontw ikke len in s te rk zure 
wateren (veenmos, k n o l r u s , sikkelmos en k ru i pend s t ru i sg ras ) werden op 
het laborator ium bestudeerd in incubat ievaat jes. De eerste groep is 
aangepast aan lage s t i ks to f concentrat ies in het water en heeft een 
s t iks to f opname die speci f iek word t gedomineerd door n i t raa t . De tweede 
groep van planten neemt pr imai r ammonium op . Deze verschi l len in 
st ikstofopname zi jn van belang voor de v e r d r i n g i n g van de oorspronke l i j k 
aanwezige karak te r i s t ieke waterp lanten door snelgroeiende en vaak 
woekerende ammonium-minnende p lantesoor ten. 
Hoofdstuk 8 geeft een evaluat ie van de be langr i j ks te resul taten en 
conclusies. Nog steeds wo rd t b innen de in ternat ionale "zu re regen" 
problematiek veel aandacht besteed aan de in de atmosfeer aanwezige zure 
ve rb ind ingen van zwavel - en sa lpe te rzuur . Het belang van de verzurende 
en eut ro f ië rende inv loed van een ex te rne aanvoer van 
ammoniumverbindingen word t onderschat . Het wo rd t noodzakel i jk geacht dat 
de rol van ammonium meer nadruk k r i j g t . Dit ge ldt met name voor 
kwetsbare gebieden waar hydro log isch geïsoleerde wateren worden 
blootgesteld aan hoge concentrat ies van ammoniumverbindingen via de 
neers lag. 
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STELLINGEN 
irta 
Hoewel een katalysator de auto milieuvriendelijker maakt, bl i j f t de 
aanwezigheid van een uitlaat aan de rechterachterzijde van de auto sterk 
f ietseron vriendelijk. 
'Алл 
Niet de problemen met de mest, maar de problemen met het milieu 
stimuleerden de bewustwording rondom de mestoverschottenproblematiek. 
Mensen die zich beroepen op het feit dat ze uit een goed milieu komen doen 
dit ten onrechte wanneer ze in Nederland wonen. 
Ά'λ λ' 
Ten onrechte heeft de onderwaterbodem pas aandacht gekregen sinds deze 
in ernstige mate vervui ld is. Het belang van onderwaterbodems voor het 
ecologisch functioneren van oppervlaktewateren is veel te laat onderkend. 
*** 
In ondiepe geïsoleerde oppervlaktewateren is de bodem zowel structureel als 
functioneel de basis van het biochemisch functioneren van het systeem. 
Het inzicht in de structuur en het functioneren van ecosystemen op 
procesniveau wordt bemoeilijkt zowel door een gebrek als door een overmaat 
aan kennis van fundamenteel wetenschappelijke feiten. 
Bij ecologisch veldonderzoek worden causale verbanden en hypothesen te 
pas en te onpas met elkaar verwisseld. De wetenschappelijke waarde van 
ecologisch veldonderzoek wordt hierdoor nadelig beïnvloed. 
Α'ΛΆ' 
Dat verzuring een remmend effect heeft op het functioneren van systemen is 
bij de mens reeds merkbaar wanneer een overmatige spierinspanning wordt 
geleverd. 
De praktische toepassing van het begrip natuurontwikkeling heeft voor het 
natuurbehoud op locaal en regionaal niveau negatieve gevolgen. 
De rol van ammoniak en ammonium binnen de "zure regen" problematiek 
heeft het nemen van maatregelen ten aanzien van de beperking van de 
mestproduktie versneld. 
Bij ecologische modelstudies is het gebruik van een camera onontbeerlijk, 
omdat een fotomodel de werkelijkheid het beste benadert. 
Raymond Schuurkes. 27 november 1987 



